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Summary

Polar auxin transport provides essential directional and positional information for many
developmental processes in plants. At the cellular level, it is realized by both the passive
diffusion and the active transport through the membrane proteins - AUX1/LAXes, PINs and
ABCBs. The aim of this thesis was to characterize the role of ABCB1, ABCB4 and ABCB19
proteins in polar auxin transport using transformed tobacco BY-2 cell lines. It was shown that
localization of the ABCBI1, 4 and 19 is not polar on the plasma membrane (PM). The ABCB4
was also more stable on PM after the treatment with auxin influx inhibitors 1-NOA, 2-NOA and
CHPAA; making use of ABCB4-cell line helped to uncover new characteristics of markers of
endocytosis — the FM-dyes. The induction of ABCB19 has led to the decrease in “H-NAA
accumulation with characteristic cell phenotype (cells ceased to divide, started to elongate and
there was formed an increased amount of starch granules), similar to the PIN7 overexpressing
cell line. Thus, also the ABCB-based enhanced auxin efflux resulted in depletion of auxin from
cells, and concomitantly changed their developmental program. The auxin starvation phenotype
in the cell line with induced overexpression of PIN7 could be rescued by application of the auxin
efflux inhibitor NPA; however, the accumulation of auxin in the ABCB19-overexpressing cell
line was less sensitive to NPA, and the rescue of the auxin starvation phenotype was ineffective
there. Importantly, the unique property of the ABCB4 was demonstrated: It displayed the dual,
auxin-concentration-dependent auxin transport activity in Arabidopsis roots, tobacco BY-2 and
yeast cells. The results also suggested that the non-competitive inhibition of the ABCB4-
mediated auxin efflux contributes to the herbicidal effects of the synthetic auxin analogue 2,4-D.
Besides intercellular transport, there is another process with the potential to modify auxin level,
the metabolism. Auxin metabolic profiles together with data from auxin transport assays were
produced, and they allowed mathematical modelling of auxin transport on the cellular level by
utilizing real quantitative experimental data. It was shown that NAA is strongly and rapidly
metabolized in BY-2 cells and the predominant metabolite was identified as NAA glucosyl ester.
This metabolite was retained in cells, thus raising apparent intracellular concentration of NAA
previously measured during auxin accumulation experiments. This might lead to serious
underestimation of auxin efflux carriers transport capacity for NAA as well as [AA measured in
the past. The mathematical modelling using both experimental data on accumulation of auxins

together with metabolic profiling is currently in progress.



Souhrn

Polarni transport auxinu poskytuje zakladni informaci o sméru a poloze pro fadu vyvojovych
procesti v rostlinach. Na bunécné trovni je uskutecnovan jak pasivni difuzi tak aktivnim
transportem prostfednictvim membranovych proteini — AUXI/LAX, PIN a ABCB. Hlavnim
cilem této disertacni prace bylo charakterizovat roli ABCB1, ABCB4 a ABCBI19 proteint v
polarnim transportu auxinu s vyuzitim transformovanych tabakovych BY-2 bunécnych linii.
Ukaézalo se, ze lokalizace ABCB1, 4 a 19 proteinti na plazmatické membrané je nepolarni. Také
ABCB4 protein na plazmatické membrané byl po oSetfeni inhibitory auxinového vtoku do burnky
1-NOA, 2-NOA a CHPAA vice stabilni; navic vyuziti ABCB4 bunécné linie pomohlo odhalit
nové vlastnosti endocytotickych markerdt — FM barviv. Indukce ABCB19 proteinu vedla ke
snizeni akumulace *H-NAA s charakteristickym bun&énym fenotypem (buiiky se piestavaly
délit, zacaly se prodluzovat a dochézelo k vytvareni a zvétSovani Skrobovych zrn), podobné jako
u PIN7 overexprimované bunécné linie. Proto také zvySeny vytok auxinu zplisobeny overexpresi
ABCB gent vedl k vy€erpani auxinu z bunék a soucasné ke zmén¢ jejich vyvojového programu.
Projev fenotypu auxinového hladovéni v overexprimované bunécné linii PIN7 mohl byt zvracen
aplikaci inhibitoru auxinového vytoku NPA, zatimco v ptipadé k NPA méné citlivé ABCB19
overexprimujici bunééné linii ke zvraceni tohoto fenotypu nedoslo. Za dillezité 1ze povazovat, ze
se podafilo prokazat jedine¢nou vlastnost ABCB4 proteinu: byla naznacena jeho dudlni
koncentracné zavisla funkce pfi transportu auxinu v kotenech Arabidopsis, tabdkovych BY-2 a
kvasinkovych bunkach. Vysledky také poukazaly na fakt, ze nekompetitivni inhibice ABCB4
zprostfedkovaného auxinového vytoku prispiva k herbicidnim uc¢inkiim syntetického auxinového
analogu 2,4-D. Krom¢ mezibunééného transportu je zde metabolismus jako dal$i proces
s potencidlem ménit hladiny auxinu. Ziskané metabolické profily auxini spole¢né s udaji
z auxinovych transportnich eseji nam umoznili modelovat auxinovy transport na bunééné tirovni
s vyuzitim redlnych kvantitativnich experimentalnich dat. Ukézalo se, Ze na Grovni BY-2 bun¢k
je NAA silné a rychle metabolizovana a pievladajici metabolit byl identifikovan jako NAA
glukosyl ester. Tento metabolit byl zadrzovan v bunkach, ¢imz dfive pfi auxinovych
akumulaénich experimentech dochazelo ke zdanlivému zvySovani namétfené intracelularni
koncentrace NAA. To by mohlo vést k vaznému podcenéni transportni kapacity auxinovych
pfenaSeci pro NAA, ale i IAA u dat naméfenych v minulosti. V souc¢asné¢ dobé probiha
matematické modelovani vyuzivajici experimentalni data z akumulaci auxint spole¢né s daty

z metabolickych profild.



Nomenclature of ABC genes and proteins

Naming of plant ABC genes proceeded initially on a gene-by-gene basis until the
completion of the first drafts of the Arabidopsis thaliana and Oryza sativa genomes, which led to
the publication of several partial and near-complete inventories of plant ABC genes (Sanchez-
Fernandez et al., 2001a; Martinoia et al., 2002; van den Briile and Smart, 2002; Jasinski et al.,
2003; Garcia et al., 2004; Crouzet et al., 2006; Sugiyama et al., 2006).

Although these publications have proved to be extremely useful, the independent
identification of the same genes by several groups and the use of different naming systems by
different authors have introduced several conflicting names into the literature. It was confusing
to follow the ABC research field and so, together with accelerating completion of plant genome
sequencing, the work on unified system of ABC genes nomenclature was initiated.

Verrier et al. (2008) proposed a simple naming system that provides a unique, systematic
identifier for each gene. Currently, plant ABC subfamilies are usually named after their human
or microbial prototypes (e.g. multidrug resistance (MDR), multidrug resistance associated
protein (MRP) and pleiotropic drug resistance (PDR)) as prescribed by Sanchez-Fernandez et al.
(2001b). Therefore, Verrier et al. (2008) unified plant and animal ABC naming systems and
proposed to adopt the Human Genome Organization (HUGO)-approved subfamily designations,
which the vertebrate and invertebrate ABC communities used widely (Dean et al., 2001; Dean
and Annilo, 2005). Aligning amino acid sequences of NBDs and performing phylogenetic
analysis group most eukaryotic ABC proteins into eight major subfamilies (A-H) and
prokaryotic ABC proteins into one subfamily (I), regardless of the species of origin. These
subfamilies are largely defined by domain organization (configuration of domains in the protein)
and content (presence of additional domains; half-size versus full-size transporters).

In this thesis, new nomenclature proposed by Verrier et al. (2008) is used but in some
cases usage of old synonyms for ABCB genes like ABCB1/PGP1, ABCB19/MDR1/PGP19 and
ABCB4/PGP4 could not be avoided. The “old” names were used mainly in papers published
before the year 2008 and in all references from the same period. In those cases all relevant names

for given gene/protein are used.



1. Introduction

The plant hormone auxin has a unique position among other plant growth regulatory
substances. A wide spectrum of developmental processes in plants is controlled by the
differential distribution of its molecules (Benjamins and Scheres, 2008). Moreover, mutual
proportion between endogenous auxins and cytokinins is crucial for regulation of plant cell
division, elongation and differentiation (Davies, 2004).

Various levels of auxins in plant tissues or organs are created in response to both
exogenous stimuli and the internal developmental program, and thus they provide
interconnection between environmental or endogenous signals and signalling pathways, resulting
in particular developmental events. In principle, there are two processes that have the potential to
modify the level of any compound in a cell: metabolism and intercellular transport. Indeed, in the
case of auxin, both metabolic changes of auxin (reviewed by Normanly et al., 2010; Ludwig-
Miiller, 2011) as well as its transport (reviewed by Petrasek and Friml, 2009; Vanneste and
Friml, 2009; Zazimalovd and Murphy et al., 2010) have been shown to be involved in
modulation of plant development.

The native auxin such as indole-3-acetic acid (IAA) mediates interactions between cells,
tissues and organs over both short distances (e.g. between adjacent cells) and over long ones (e.g.
between the shoot apex and sites of lateral root initiation) (Morris et al., 2004). The auxin cell-to-
cell movement contributing to both short and long distance auxin flow is unique compared to
other plant hormones; at the cellular level it is realized by both passive diffusion and active
translocation across PM and it is mostly polar (Rubery and Sheldrake, 1974; Raven, 1975;
Goldsmith, 1977). IAA transport plays a crucial role in the initiation and/or maintenance of cell
and tissue polarity and axiality, upon which pattern formation depends (Morris et al., 2004).
Generally, auxin determines - mostly via its polar transport - the shape of the plant (Friml, 2003).

The Arabidopsis thaliana genome encodes one AUXI1 and three Like AUX1 (LAXI,
LAX2 and LAX3) proteins (Parry et al., 2001a, b). As mentioned above, auxin molecules can
enter cells passively; however, they can also be transported into cells via the H' - symport
activity of this AUX1/LAX family of PM permeases (reviewed by Kerr and Bennett, 2007).

Previous studies have demonstrated that the polarized movement of auxin is dependent
on the action of polarly localized and constitutively cycling PIN auxin efflux proteins (reviewed
by PetrasSek and Friml, 2009; Friml, 2010). In Arabidopsis thaliana, the PIN family consists of
eight members and it divides into two basic subclades, differing in the length of a hydrophilic
loop localized in the middle of their polypeptide chain (reviewed by Kiecek and Skipa et al.,
2009).



Another proteins playing role in auxin influx and efflux are plant orthologs of
mammalian ABC transporters from the ABCB (MDR/PGP) protein subfamily (Noh et al., 2001;
Geisler et al., 2005). ABCB1 (PGP1) and ABCB19 (MDR1/PGP19) have been shown to act as
auxin efflux carriers (reviewed by Geisler and Murphy, 2006; Titapiwatanakun and Murphy,
2009), whereas ABCB4 (PGP4) exhibits more complex auxin transport characteristics. Santelia
et al. (2005) and Terasaka et al. (2005) showed that ABCB4 is involved in auxin transport
processes controlling lateral root and root hair development in Arabidopsis thaliana, and it also
functions in the basipetal redirection of auxin flow from the root tip. ABCB4 expression in
tobacco BY-2 cells was shown to mediate NAA efflux (Cho et al., 2007), and the authors
speculated about ABCB4 efflux activity which reduces auxin levels in the root hair cells and
consequently inhibits root hair elongation. On the other hand, heterologous expression of
ABCB4 in mammalian HeLa cells resulted in net increase of IAA retention indicating ABCB4
function in auxin uptake (Terasaka et al., 2005). The uptake activity of ABCB4 is not
unexpected because it exhibits sequence homology with the berberine alkaloid uptake transporter
CJMDRI1/ABCBI from Coptis japonica (Shitan et al., 2003). Moreover ABCB4 expression in
Schizosaccharomyces pombe cells displayed a concentration-dependent reversal of IAA transport
(Yang and Murphy, 2009). These facts have pointed to inconsistencies related to auxin transport
activity and function of the plant ABCB4 protein.

Beside these PM-localised auxin transporters (AUX1/LAX, PINs and ABCBs) there are
other proteins able to transport auxin. For instance, as recently published, Arabidopsis thaliana
NRTI.1 nitrate transporter (reviewed by Gojon et al., 2011), which acts as a nitrate sensor and is
crucial for nitrate signalling governing root growth, not only transports and senses nitrate but it
also facilitates auxin uptake (Krouk et al., 2010, 2011). Moreover, nitrate inhibits the NRT1.1-
dependent auxin uptake, suggesting that transduction of nitrate signal by NRT1.1 is associated
with a modification of auxin transport. Similar properties could be expected also for other anion
transporters, such as malate etc. (discussed in Zazimalova and Murphy et al. 2010).

Anyway, in spite of recent fast progress in understanding auxin transport, there are still a
lot of open questions related to the mechanism of action of all types of auxin transporters and

their role in plant development.



2. Outlines of the thesis

The first reviews touched the problematics of plant ABC proteins from the side of
knowledge about their animal or human counterparts (Dudler and Hertig, 1992; Higgins, 1995).
The main inspiration came from the multidrug resistance protein (MDR1), which was connected
with a phenomenon described in mammalian tumor cells and their resistance to
chemotherapeutics where tumor cells initially sensitive to a cytotoxic drug could evolve into a
state in which they were not only resistant against the same drug but also against a wide variety
of structurally unrelated drugs (reviewed by Endicott and Ling, 1989; Van der Bliek and Borst,
1989; Pastan and Gottesman, 1991). First information about plant ABC proteins structure and
function were published at the beginning of this century (Davies and Coleman, 2000;
Theodoulou, 2000; Sanchez-Fernandez et al., 2001a, b; Martinoia et al., 2002; Rea et al., 2002).
Simultaneously, Jasinski et al. (2003) and Garcia et al. (2004) indicated phylogenetic
relationship between Arabidopsis thaliana and Oryza sativa ABC genes inside three main
subfamilies (ABCB/MDR, ABCC/MRP and ABCG/PDR). Arabidopsis thaliana proteins from
ABCC/MRP and ABCG/PDR subfamilies were more minutely described by Kolukisaoglu et al.
(2002) and van den Briile and Smart (2002).

In the collaboration with the laboratory of Dr. Jifi Friml, I have started the work by the
successful transformation of inducible constructs carrying ABCBI and ABCB19 genes into BY-2
cells. After the western blot verification of recombinant protein production and cell phenotype
characterization I used these cell lines for auxin accumulation experiments. Results are shown in
Chapter 1 of this thesis and published in Petrasek et al. (2006).

Besides the auxin accumulation experiments [ have also tested some inhibitors of ABC
proteins used in microbiology and human biology (like doxorubicin, vanadate, verapamil).
Vanadate was shown to inhibit ATPase activity of ABC transporter for maltose (MalFGK2) of
Salmonella typhimurium (Hunke et al., 1995) or ABC transport complex in Escherichia coli
(Davidson et al., 1996). Later, Fetsch and Davidson (2002) described that vanadate catalyzes
photocleavage of the signature motif LSGGQ and the nucleotide-binding (Walker A) motif of
ABC maltose transport complex in Escherichia coli. Consecutively Terasaka et al. (2003)
showed that vanadate-induced nucleotide trapping technique could be applicable to plant cells
for characterizing ABC proteins expressed in berberine-producing cell cultures (Thalictrum
minus and Coptis japonica). Loe et al. (2000) demonstrated that verapamil stimulates glutathione
transport by MRP1 in tumor cells. Correspondigly, multidrug resistance is the most widely
studied manifestations of tumor cells resistance to doxorubicin (Bradley et al., 1988). My goal

was according to already mentioned drug effects to interfere with the intracellular localization or



the activity of ABCB19. Unfortunately, on the level of cell phenotype and viability no
significant differences between treated and untreated cells were observed.

While ABCB1 and ABCBI19 inducible lines of BY-2 were not stable, for later
experiments it was necessary to repeatedly transform new BY-2 cells and work with freshly
established lines. The other set of results that is presented in Chapter 2 of this thesis and
published in Mravec et al. (2008) shows the phenotypical comparisons between inducible lines
carrying various PIN genes with ABCB19 cells.

Apart from new BY-2 cell transformations I started together with Dr. Klara Hoyerova the
accumulation assays in short and long stems (inflorescence) segments of Arabidopsis thaliana
plants transformed with inducible ABCBI and ABCBI19 genes. We used partially modified
methods of Goldsmith (1982) and Parry et al. (2001a). The importance of ABCB1 and ABCB19
for long-distance auxin transport in Arabidopsis plants was showed, while in induced ABCB1
and ABCB19 short stem segments the *H-NAA retention was enhanced comparing to wild-type
control and non-induced variants. Moreover both used inhibitors gravacin and NPA increased net
*H-NAA retention. Preliminary results were presented as a poster at the ACPD conference in
Prague 2009.

As the continuation of my effort to address the auxin transporting role of ABCB proteins,
I have moved my interest to the functionaly enigmatic ABCB4 protein. Despite several contrary
results about ABCB4 auxin transport directionality (Terasaka et al., 2005; Santelia et al., 2005;
Cho et al., 2007) together with indication of possible ABCB4 dual transport function (Yang and
Murphy, 2009), nobody has provided conclusive evidence on the auxin transport directionality
through this protein. I started with transformation of BY-2 cells with ABCB4-YFP from Dr.
Hyung-Taeg Cho, but it was not successful. Therefore, I have contacted Dr. Angus Murphy for
providing me with ABCB4-GFP gene construct under native and constitutive promoter.
Transformation with this construct was successful and the localization of ABCB4 was
characterized in terms of its membrane stability and helped to uncover new characteristics of FM
endocytic dyes (Chapter 3 of this thesis; Jelinkova and Malinska et al., 2010) as well as auxin
influx inhibitors 1-NOA, 2-NOA and CHPAA (Chapter 4 of this thesis; Lankova et al., 2010).
Concurrently I have initiated first ABCB4 auxin accumulation experiments. On ACPD
conference in Prague 2009 I discussed with Dr. Angus Murphy my actual results and we started
collaboration on ABCB4 dual transport function. We continued on BY-2 cell level and they
contributed with Arabidopsis thaliana roots data and data from yeast IAA accumulation, where
they confirmed ABCB4 concentration dependent dual transport function. Results are presented

in the Chapter 5 of this thesis and manuscript is resubmitted in the Plant Journal.
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Before starting ABCB4 story, I was welcomed to the project of my colleague Sibu
Simon, where he was interested in the action of auxin and auxin analogues. The manuscript is
submitted in the Chemistry&Biology journal. This manuscript is not included in submitted thesis
but it is available electronically on the attached CD together with my contribution and
specification of my results. During this project we were suspicious about the contamination or
degradation of our radiolabeled auxins stocks. Thus I have started fruitful collaboration with Dr.
Petre Dobrev. He did analysis of *H-2,4-D, *H-IAA and *H-NAA stocks used also by other
colleagues in the lab and confirmed our suspicious in case of *H-IAA, where nearly 35% of [AA
itself was degradated, in case of "H-NAA and *H-2,4-D it was about 5%. Later I found out that
the reason for *H-IAA degradation was coming from the side of our suppliers and instability of
this compound. From the auxin purity analysis on HPLC system, it was only small step to the
routine metabolic profiling in cell cultures and plants.

Based on the 3H-2,4-D, SH-IAA and *H-NAA metabolic profiles in BY-2 cells and
cultivation media it was soon very clear that it is not possible to separate transport and
metabolism, but it is necessary to think about both processes together. Moreover, combination of
results from accumulation and metabolism in BY-2 cells allowed us to prepare mathematical
model of auxin transport on the cellular level. This project was great challenge for all team
members because it required teamwork between biologists and mathematicians. Our joint effort

is presented in emerging interdisciplinary manuscript, presented as Chapter 6 of this thesis.
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3. Objectives of the thesis

The main objective of this thesis was to contribute to understanding the role of ABCBI,
ABCB4 and ABCBI19 proteins (members of ATP-binding cassette (ABC) family of transporters)
in polar auxin transport.

Particular objectives were:

1) To clarify the role of these proteins in polar auxin transport and to determine their
intracellular localization.

2) To reveal possible interactions between ABCB and PIN proteins in plants.

3) To understand the kinetics of auxin transport by the ABCB4 protein.

4) To determine auxin metabolic profiles in tobacco BY-2 and Xanthi cell cultures as one of
the prerequisites for the creation of mathematical model of auxin transport on the cellular
level.

5) To optimize and assess the method of extraction and purification, suitable for
determination of auxins by means of HPLC-tandem mass spectrometry, including

identification of the main auxin metabolites in BY-2 cell culture.
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4. Literature overview

4.1. The plant growth regulator - auxin

Although plants do not have typical animal long distance signalling mechanisms like
nervous system, they developed alternative ways to establish cell-to-cell communication. One of
them is transport of plant hormone auxin which represents an outstanding intercellular
communication system in plants. Polarized auxin transport provides essential directional and
positional information for developmental processes, such as vascular differentiation, apical
dominance, patterning, organ polarity, embryogenesis, organogenesis, phyllotaxis or tropisms
(Benkova et al., 2003; Blancaflor and Masson, 2003; Blilou et al., 2005; Pekker et al., 2005;
Weijers and Jurgens, 2005). Disruption of directional auxin movement by genetic or
pharmacological manipulations results in severe developmental defects (reviewed by Friml,
2003). Although a detailed understanding of the molecular basis for the complexity of auxin
activity has not yet emerged, progress during the past 15 years has led to identification of critical
components of auxin signalling and provided a framework for addressing how auxin regulates

diverse developmental processes.

4.2. Historical overview

The idea of plant hormones initially originated in the 19th century as Julius von Sachs
supposed that plant organ-forming substances move directionally within the plant, including a
root-forming substance produced in leaves that moves downward (Sachs, 1868). Concurrently
Charles Darwin in his work “The power of movement in plants” described the phototropic
experiments with canary grass (Phalaris canariensis L.) coleoptiles, and suggested the existence
of a mobile substance which transmits the light sensing at the tip of the coleoptiles into
differential growth at the base of the coleoptiles (Darwin, 1880). Five years later Salkowski
isolated indole-3-acetic acid (IAA) from fermentation media (Salkowski, 1885) but the concept
of the hormone itself, its isolation, purification from plants and characterization took another 50
years (Went, 1926; Went and Thimann, 1937). Went used small agar blocks on which he placed
the coleoptiles tips of oat (4vena sativa L.) stems. The compound accumulated in the agar block
resumed the growth of decapitated stems. Kogl and Haagen-Smit (1931) called the new

compound an auxin. This name comes from the Greek word “auxein” which means to grow.

4.3. Auxin metabolism — biosynthesis, conjugation and catabolism

A key missing link in our understanding of auxin-regulated developmental processes in

plants is that the molecular mechanisms of auxin biosynthesis are not known completely.
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Without this knowledge it is difficult to understand the exact mechanism of auxin movement and
how auxin gradients are created and maintained. The most abundant form of native auxin is IAA
but plants produce also indole-3-butyric acid (IBA) (Cooper, 1935), phenyl acetic acid (PAA)
(Koepfli et al., 1938) and 4-chloroindole-3-acetic acid (4-CI-IAA) (Porter and Thimann, 1965).
Because of the relative instability of natural auxins, the stable synthetic auxin analogues 1-
naphthaleneacetic acid (NAA) and 2,4-dichlorophenoxyacetic acid (2,4-D) are used in most of
the experiments (reviewed by Woodward and Bartel, 2005).

The synthesis of auxin in Arabidopsis thaliana occurs mainly in leaves, cotyledons and
roots (Ljung et al., 2001; Ljung et al., 2005). Although multiple pathways including three
tryptophan-dependent routes (with indole-3-pyruvic acid, indole-3-acetamide, indole-3-
acetaldoxime, and tryptamine as main intermediates) and one tryptophan-independent route
(with either indole-3-glycerol or indole as auxin precursors) are proposed to synthesize auxin in
plants, the molecular details and the physiological roles of each pathway are not known (Bartel,
1997; Cohen et al., 2003; Woodward and Bartel, 2005). Also due to the high functional
redundancy of auxin biosynthetic genes and the complexity of auxin synthesis it is difficult to
fully characterize these pathways (Fig. 1; reviewed by Woodward and Bartel, 2005).

Research of auxin biosynthesis in plants appears to be very difficult, and no auxin-
deficient mutant has ever been identified. However, there are several auxin overproduction
Arabidopsis thaliana mutants including yucca (Zhao et al., 2001), surl (Boerjan et al., 1995;
King et al., 1995), sur2 (Delarue et al., 1998), or overexpressing lines CYP79B2 and CYP83B1
(Delarue et al., 1998; Barlier et al., 2000; Zhao et al., 2002).

All three tryptophan-dependent pathways converge at indole-3-acetaldehyde (IAAld),
which is oxidized by IAAld oxidase to IAA. Interestingly, an aldehyde oxidase is also involved

in the final step of abscisic acid biosynthesis. IAAld oxidase activity has been measured in
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Auxin conjugation and catabolism are other important players in auxin metabolism beside
biosynthesis. Generally, active phytohormones are changed into multiple forms by range of
chemical reactions like acylation, esterification or glycosylation. It seems that conjugated
compounds can serve as a pool of inactive forms that can be converted to active forms by de-
conjugation reactions. The concept of reversible conjugation of auxins suggests that under
changeable conditions these compounds can be a source of free hormones. Auxin catabolism
results in a loss of activity and decreases the size of the auxin bioactive pool. All catabolic steps
are in principle irreversible, except for some processes such as the formation of ester, glucoside
and amide conjugates in some plants (reviewed by Woodward and Bartel, 2005; Bajguz and
Piotrowska, 2009; Ludwig-Miiller, 2011).

For example, conjugation of IAA with amino-acids or sugars can follow after its
synthesis probably as the way of storage or inactivation. IAA can be released after oxidation or
hydrolysis of its conjugates (reviewed by Cohen and Bandurski, 1982). Free IAA is biologically
inactivated by oxidation (e.g. to 2-oxindole-3-acetic acid) or by conjugation. Some of [AA
conjugated to indole-3-acetyl-N-aspartic acid is further catabolized; however, conjugates are also
used as storage compounds. IAA is conjugated in a variety of ways — as amides to amino acids,
peptides and proteins, and to sugars through both ester and N-linkages. Conjugate hydrolysis
releases free IAA, and such hydrolysis is the principal source of auxin in germinating seeds. It
seems that conjugates are also transported within the plants (Zazimalova and Napier, 2003).

The molecular details (e.g. molecular mechanisms of auxin biosynthesis, conjugation and
degradation together with the action of particular enzymes), physiological roles of each
biosynthetic pathway and evolutionary context are the subjects of intensive study (reviewed by

Cooke et al., 2002; Normanly 2010; De Smet et al., 2011; Ludwig-Miiller 2011).

4.4. Auxin signalling

Proper auxin signalling is indispensable for plant growth and development (reviewed by
Santner et al., 2009; Santner and Estelle, 2009) and in plant cells auxin triggers specific genomic
and non-genomic responses. The identification and characterization of plant mutants defective in
response to auxin led to the disclosure of downstream components of genomic auxin signalling
(reviewed in Mockaitis and Estelle, 2008; Calderon-Villalobos et al., 2010). It turned out, that
regulated protein degradation is the main factor in auxin transcriptional regulation (reviewed by
Paciorek and Friml, 2006). Genome-wide studies indicate that the transcriptional response to
auxin is rapid and broad, influencing the expression of a large and diverse set of genes within

minutes (Tian et al., 2002; Goda et al., 2004; Overvoorde et al., 2005; Nemhauser et al., 2006).
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Figure 2. Auxin regulates transcription by
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(Fig. 2; Gray et al., 1999; reviewed in Mockaitis and Estelle, 2008; Calderon-Villalobos et al.,
2010). After auxin binding to TIR1, this complex promotes substrate ubiquitination and
following proteasome-based degradation. The specific targets for this complex are Aux/IAA
proteins (Conner et al., 1990; Abel et al., 1995; Gray et al., 2001). Aux/IAA proteins serve as the
repressors of transcription factors called auxin response factors (ARFs) (Tiwari et al., 2001;
Tiwari et al.,, 2003). After degradation of the Aux/IAA, the free ARFs can promote the
transcription from specific promoters containing small conservative sequence TGTCTC called
auxin response elements (AuxRE) (reviewed by Guilfoyle and Hagen, 2007). The huge amount
of possible specific interactions among Aux/IAAs (29 genes) and ARFs (23 genes) suggest the
way how autonomous auxin responses are mediated (reviewed in Weijers and Jurgens, 2004;
Weijers et al., 2005).

However, auxin signalling does not include only transcriptional (genomic) regulation. For
example, auxin efflux from the cells is also regulated via inhibition of endocytosis of auxin
efflux carriers (and also other PM proteins) by unknown auxin-dependent and BIG-protein-
dependent pathway (Paciorek et al., 2005).

A possible component of non-genomic auxin signalling is auxin binding protein 1
(ABP1), which was for the first time detected in membrane fractions from maize (Zea mays L.)
etiolated coleoptiles (Hertel et al., 1972; Venis, 1977a, b). Later data revealed that ABP1 is
targeted to ER and extracellular matrix (Leblanc et al., 1999; Bauly et al., 2000). Other studies
demonstrated that ABP1 is involved in auxin binding at the PM and consecutively initiates a
transduction pathway, including activation of the proton pump ATPase, acidification of the

extracellular space and activation of inward rectifying K~ channels (reviewed in Goldsmith,
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1993; Timpte, 2001; Napier et al., 2002). Interestingly, mutant in ABPI gene in Arabidopsis
thaliana is embryo lethal (Chen et al., 2001a), which suggests its important function in
development. Recently, the function of ABP1 in auxin mediated cell division was proposed
(David et al., 2007), but the precise role and the involvement in auxin signalling is still unclear.
Tromas et al. (2010) reviewed the role of ABPI in mediating growth and developmental
responses together with phylogenetic analysis which revealed that ABP1 is an ancient protein
that was already present in various algae and has acquired a motif of retention in ER only
recently. Recently, Robert and Kleine-Vehn et al. (2010) demonstrated that ABP1 mediates a
nontranscriptional auxin signalling that regulates the evolutionarily conserved process of
clathrin-mediated endocytosis and they suggested that this signalling may be essential for the

developmentally important feedback of auxin on its own transport.

4.5. Auxin transport - physical and chemical background

To perform its signalling function in plant, auxin must be spatio-temporally distributed
and establishment of auxin concentration gradients depends on a tightly regulated transport.
Long-distance auxin transport may be typically split in two ways: rapid auxin translocation
through vascular system from source tissues to the roots and carrier mediated, slower cell-to-cell
polar auxin transport (PAT) which mainly contributes to formation of auxin gradients in
meristems (reviewed by Tanaka et al., 2006). The transport of auxin at the cellular level is
realized by both passive diffusion and actively through the membrane proteins known as auxin
carriers.

The key to understanding how auxin can move across the PM between two adjacent cells
in polar orientation lies in the physical-chemical nature of auxin molecules and it was proposed
by chemiosmotic hypothesis (Rubery and Sheldrake, 1974; Raven, 1975; Goldsmith, 1977).
Because all native auxins are weak acids with amphipathic properties, their ability to penetrate
through the PM depends on pH. In acidic apoplast the pH is approximately 5.5 as a result of
protons extruded by PM H™-ATPases and thus only non-dissociated and relatively lipophilic
auxin molecules can passively enter the cell by diffusion across the PM. In the neutral cytoplasm
(pH = 7.0) almost all auxin molecules are dissociated and trapped inside the cell, and they must
be actively exported from the cell by specialized efflux carriers. The asymmetric distribution of
auxin efflux carriers then can establish the polarity of auxin flow (Fig. 3; recently reviewed by
Zazimalova and Murphy et al., 2010). This hypothesis was tested in the experiment, where
decreased apoplastic pH in Arabidopsis thaliana overexpressing H'- pyrophosphatase 4VPI

resulted in increased auxin transport (Li et al., 2005).
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4.6. Auxin transporters

The previously described physical-chemical background implies the need for active
transport of auxin out from the cells. Surprisingly, there are at least two protein families,
members of which possess auxin-exporting activity. These are from the plant-specific PIN
family (recently reviewed by Kiecek and Skupa et al., 2009, PetraSek and Friml, 2009) and from
the B subfamily of ABC transporters (reviewed by Geisler and Murphy, 2006, Titapiwatanakun
and Murphy, 2009). PINs are gradient-driven secondary transporters (carriers) while ABCBs are
ATP-driven transporters (pumps). As mentioned previously, auxin molecules can enter cells
passively; however, they can also be transported into cells via the H' symport activity of the
AUXI1/LAX family of PM permeases (reviewed by Kerr and Bennett, 2007).

The activities of the auxin influx and efflux carriers were described by measuring the
cellular accumulation of 3H—IAA, ’H-NAA and 14C—2,4—D in tobacco cell culture (Nicotiana
tabacum L. cv. Xanthi XHFDS8) (Delbarre et al., 1996) or in tobacco protoplasts (Delbarre et al.,
1994). 1t was shown that NAA enters cells by passive diffusion and has its accumulation level
controlled by the efflux carrier. In contrast, 2,4-D uptake is mostly driven by the influx carrier
but, at least in tobacco cells, 2,4-D is a poor “substrate” for auxin-efflux carriers (Delbarre et al.,
1996). Both auxin carriers, as well as passive diffusion into cells contribute to [IAA
accumulation. The relative contributions of diffusion and carrier-mediated influx and efflux to
the membrane transport of 2,4-D, NAA and IAA have been quantified, and the data indicate that
plant cells are able to modulate their auxin content by modifying the activity of each carrier

(Delbarre et al., 1996).
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4.6.1. Auxin influx carriers — AUX1/LAX family

Auxin influx carriers (AUX1/LAX), which mediate the uptake of auxin into the cell,
belong to the ATF (amino acid transporter) family of proteins contain five distinct subclasses,
AUXI1/LAX, the amino acid permeases (AAP), the lysine histidine transporters (LHTs), the
proline transporters (ProT) and the new aromatic and neutral amino acid transporter class (ANT)
(Young et al., 1999; Ortiz-Lopez et al., 2000). The Arabidopsis thaliana genome encodes one
AUXI1 and three Like AUX1 (LAX1, LAX2, and LAX3) proteins, which amino acid sequence
similarity is approximately 80% (Parry et al., 2001b). Chen et al. (2001b) reported that
expression of ANT1 in yeast cells facilitates the uptake of both 2, 4-D and [AA, indicating its
potential role also as an auxin carrier.

The first identified mutation in auxin influx carrier at the molecular level was presented
by Maher and Martindale (1980) who identified the aux/ mutation in screen for Arabidopsis
thaliana seedlings less sensitive to 2,4-D. Later AUX1 was characterized at the molecular level
in Arabidopsis thaliana by Bennett et al. (1996) and its transport function was confirmed by
Yang et al. (2006). The aux! mutants exhibit reduced root gravitropism and decreased IAA
transport in roots and young leaf primordia; further, aux/ mutants are resistant to inhibitory
concentrations of TAA and 2,4-D, but not to more lipophilic NAA (Marchant et al., 1999;
Swarup et al., 2001). Because NAA diffuses into cells easily and it is a good substrate for auxin
efflux carriers, gravitropic growth in aux/ mutants is restored by treatment with NAA, but not
with 2,4-D, which is taken up only actively - presumably via AUXI1 - and it is a poor efflux
carrier substrate (Marchant et al., 1999). The growth phenotypes of aux/ mutants are
phenocopied by treatment with the auxin influx inhibitors 1-NOA and CHPAA, which do not
affect polar auxin efflux or sensitivity to NAA (Parry et al., 2001a). AUX1 functions in both root
basipetal and acropetal auxin transport in a phloem-based auxin transport stream (Swarup et al.,
2001). Consistent with this, AUX1 exhibits a basal PM localization in root protophloem cells,
where it appears to function in conjunction with apically localized efflux carriers (Marchant et
al., 1999; Swarup et al., 2001). Kramer and Bennett (2006) indicated that AUX1 together with
other auxin efflux carriers plays a major role in redirection of polar auxin stream in the lateral
root cap. Although AUX1 exhibits polar localization on the apical PM in some cells, in others,
AUX1 exhibits a non-polar membrane distribution and is also accumulated at the Golgi
apparatus and endosomal compartments. The connections between these PM and intercellular
localizations have been shown to be dependent on actin filaments and the membrane sterols
(Kleine-Vehn et al., 2006). Moreover, the apical localization of AUX1 on the PM of
protophloem and epidermal cells requires the presence of AUXIN RESISTANT4 (AXR4),
which is found in the ER (Dharmasiri et al., 2006).
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Recently Lankova et al. (2010) examined the mechanism of action of the auxin influx
inhibitors 1-naphthoxyacetic acid (1-NOA), 2-naphthoxyacetic acid (2-NOA) and 3-chloro-4-
hydroxyphenylacetic acid (CHPAA) in transgenic BY-2 cell cultures. The mode of action of
these inhibitors has been shown to be linked with the dynamics of the PM. The most potent
inhibitor, 1-NOA, blocked the activities of both auxin influx and efflux carriers, whereas 2-NOA
and CHPAA at the same concentration preferentially inhibited auxin influx. Lankova et al.
(2010) also highlighted the importance of the rate of the particular vesicle trafficking process
that may determine the extent of I-NOA, 2-NOA, and CHPAA action on the PM dynamics.

The importance of AUXI/LAX carriers could be clearly demonstrated in many
developmental processes. They are involved in embryogenesis (Ugartechea-Chirino et al., 2010),
hypocotyl apical hook development (Vandenbussche et al., 2010), hypocotyl phototropism
(Stone et al., 2008), root gravitropism (Bennett et al., 1996), lateral root development (Swarup et
al., 2001; Swarup and Benkova et al., 2008), root hair development (Jones et al., 2009), phloem
loading and unloading (Marchant et al., 2002), and phyllotaxis (Bainbridge et al., 2008).
Generally, the importance of auxin uptake carriers lies mainly in their role in the pumping of
auxin against its concentration gradient. Mathematical modelling further supports the role of
AUXI1/LAX proteins in the creation of local auxin maxima as demonstrated for phyllotaxis

(Smith et al., 2006).

4.6.2. Auxin efflux carriers - PIN family

The PIN-FORMED (PIN) proteins are plant specific secondary transporters (carriers)
acting mostly in the efflux of auxin outside from cells. They are asymmetrically localized within
cells and their polarity determines the directionality of intercellular auxin flow.

The first auxin efflux carriers were identified on the base of several Arabidopsis thaliana
mutants: agravitropic 1 (agrl) (Bell and Maher, 1990), wavy roots 6 (wav6) (Okada and
Shimura, 1990), ethylene insensitive root 1 (eirl) (Roman et al., 1995), pin-formedl (pinl)
(Okada et al., 1991). Later was proved, that PIN1 is a plant specific protein with characteristic
structure (Gélweiler et al., 1998) and AGRI, WAV6, EIRI genes encode a homologous protein
PIN2 (Chen et al., 1998; Luschnig et al., 1998; Miiller et al., 1998; Utsuno et al., 1998). Okada et
al. (1991), Miiller et al. (1998) and Benkova et al. (2003) confirmed that all these phenotypes can
be phenocopied by exogenous application of auxin efflux inhibitor NPA.

In Arabidopsis thaliana, the PIN family consists of eight members and divides into two
basic subfamilies according to the length of a hydrophilic loop in the middle of their polypeptide

chain.
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The “long” PINs (PIN1-4, and 7) are characteristic with the distinct central hydrophilic
loop separating two hydrophobic domains (reviewed by Tanaka et al., 2006; Vieten et al., 2007;
Kiecek and Skipa et al., 2009). The PIN1-4 and PIN7 proteins act as auxin efflux carriers and
are localized at the PM where their polar localization determines the direction of auxin flow
(Petrasek et al., 2006; Wisniewska et al., 2006). These “long” PINs have roles in many auxin-
dependent processes in plant development (Luschnig et al., 1998; Friml et al., 2002a; 2002b;
Blilou et al., 2005; Scarpella et al., 2006; Sauer et al., 2006; Xu et al., 2006). They do not stay
statically in their PM domains, but undergo constitutive cycling between the PM and endosomal
compartments (Geldner et al., 2001; Dhonukshe et al., 2007). The cycling is relatively fast
between various parts of the cell using transcytosis-like mechanism (Kleine- Vehn et al., 2008).
The polar localization of the “long” PINs and directional auxin flow are required for embryo
development, organogenesis, tropisms, and other developmental processes (Friml et al., 2002b;
Friml et al., 2003; Benkova et al., 2003; Reinhardt et al., 2003; Blakeslee et al., 2005).

The “short” PINs (PIN5-6 and PINS) have their central hydrophilic loop either partly
(PING) or significantly (PIN5 and PINS) reduced (Ktecek and Sktipa et al., 2009). PINS has been
proved as a functional auxin transporter and its localization on the ER suggests a role in
intracellular auxin distribution or regulation of cellular auxin homeostasis, thus controlling
availability of active auxin for various subcellular and cellular actions (Mravec et al., 2009).
However, even though Mravec et al. (2009) showed PINS and PINS localization in ER, Ganguly
et al. (2010) proposed that PIN8 also localizes in the PM. They showed that PINS catalyzes
auxin efflux from tobacco BY-2 cells, that PINS-GFP signal overlaps with FM4-64-labeled
plasma membranes in Arabidopsis thaliana root hair and tobacco BY-2 cells (while the PINS-
GFP signal does not), that BFA causes the formation of PIN8-containing internal compartments
both in Arabidopsis thaliana root hair and tobacco cells, and that PINS targets to the cell plate in
dividing cells (while ER-localized PIN5-GFP does not). So, the mode of action of ,,short™ PINs
is not fully understood yet.

PIN homologs in other plants have also been identified (Kiecek and Sktpa et al., 2009),

and some of them have been functionally characterized (reviewed by Petradsek and Friml, 2009).

4.6.2.1. Regulation of PIN function and polar targeting

The formation of auxin gradients depends mainly on the regulation of direction of auxin
flow by differential AUX1/LAX, PIN and ABCB PM targeting. All of these transporters have
been shown to be constitutively recycled between the PM and endosomal compartments.

PINs activity inside the cells is regulated at different levels: transcription (Blilou et al.,

2005; Vieten et al, 2005), protein degradation (Abas et al., 2006), protein
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phosphorylation/dephosphorylation (Friml et al., 2004; Lee and Cho, 2006; Michniewicz et al.,
2007; Zhang et al., 2010) and vesicle trafficking (Steinmann et al., 1999; Geldner et al., 2001,
2003; Paciorek et al., 2005).

There are two possible regulators of the PIN polar localization, the Ser/Thr protein kinase
PINOID (PID; Christensen et al., 2000; Benjamins et al., 2001; Friml et al., 2004; Sukumar et
al., 2009) and the protein phosphatase 2A (PP2A; Zhou et al., 2004; Michniewicz et al., 2007).
High levels of PIN phosphorylation caused by overexpression of PID or inhibition of PP2A4 lead
to a preferential apical PIN targeting, whereas low phosphorylation levels in the pid mutants
result in a preferential basal PIN targeting (Friml et al., 2004; Treml et al., 2005). Importantly,
PID has been shown to directly phosphorylate the hydrophilic loop of PIN proteins while PP2A
phosphatase has been shown to antagonize this (Michniewicz et al., 2007).

PIN proteins seem to be delivered originally in a non-polar orientation after de novo
synthesis, and their polarity is established by internalization from the PM and polar recycling
(Dhonukshe et al., 2008). Therefore, the secretion, clathrin-dependent endocytosis (Dhonukshe
et al., 2007), and subsequent recycling are important processes in the PIN polar localization. On
the contrary, in dividing cells, PIN proteins are delivered to the forming cell plate by the
microtubule-dependent pathway (Geldner et al., 2001; Dhonukshe et al., 2006).

PIN proteins cycle continuously between endosomal compartments and the PM, it means
exocytotically to the PM after de novo synthesis and endocytotically from PM to the endosomal
compartments (Vanneste and Friml, 2009). The exocytosis requires the activity of GNOM
protein, an endosomal ADP-ribosylation factor GTPase guanine nucleotide exchange factor
(ARF-GEF) (Steinmann et al., 1999; Geldner et al., 2001; Richter et al., 2007), whereas
endocytosis occurs in a clathrin-dependent manner (Dhonukshe et al., 2007) and depends on the
sterol composition of the PM (Willemsen et al., 2003; Men et al., 2008), which also influences
AUX1 (Kleine-Vehn et al., 2006) or ABCB trafficking (Titapiwatanakun et al., 2009;
Titapiwatanakun and Murphy, 2009). GNOM seems to be more crucial for basal polar targeting,
because the apical PM localization of PINs and AUXI1 is not strongly affected when GNOM
function is inhibited by BFA (Kleine-Vehn et al., 2008). SORTING NEXINTI1 (SNX1) is another

component which is involved in regulation of PIN1 cycling (Jaillais et al., 2007).
4.6.3. Auxin influx and efflux carriers — ABCB family

4.6.3.1. The ABC proteins — their discovery, structure and transport function

As it was already mentioned, discovery of ABC proteins is historically connected with
the cancer research and with the quest for mechanism of multidrug resistance noticed in various

cellular models. The ATP-binding cassette (ABC) proteins are members of the largest protein
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superfamily with representatives in all phyla from prokaryotes to eukaryotes (Ames et al., 1992;
Higgins, 1992; Rea, 2007; Rees et al., 2009). ABC proteins use the binding and hydrolysis of
ATP to power the translocation of diverse substrates ranging from ions to macromolecules across
impermeable membranes.

ABC transporters function as either importers or exporters, but no example has been
known yet of an ABC transporter that could function physiologically in both directions. ABC
importers are found in prokaryotes, in which they mediate the uptake of nutrients, such as amino
acids, oligopeptides, oligosaccharides and essential metals. ABC exporters are found in both
prokaryotes and eukaryotes, in which they mediate efflux of toxins, drugs and lipids (Kos and
Ford, 2009; Rees et al., 2009). Perhaps the most studied ABC transporter is human MDRI,
which maintains cholesterol distribution across the PM but it also extrudes other lipophilic
compounds, including chemotherapeutics agents, resulting in the multidrug resistance of tumor
cells (Ambudkar et al., 2003; Higgins, 2007). Surprisingly, ABC proteins are involved not only
in transport of substrate across membranes but also in non-transport-related processes such as
translation of RNA and DNA repair (Davidson et al., 2008).

The common structure of ABC transporters consists of two transmembrane domains
(TMDs) and two cytoplasmic nucleotide-binding domains (NBDs) which catalyze nucleotide
hydrolysis. In eukaryotes these four domains are frequently fused creating single polypeptide but
almost any configuration of these domains in membrane can be found. ABC proteins are
localized to PM or in organelle membranes but always on the cytoplasmic side of the membrane
(Rea, 2007; Kos and Ford, 2009; Locher et al., 2009; Rees et al., 2009) (for details see Fig. 4).

TMDs which provide substrate recognition and its translocation across the PM contain 12
hydrophobic a-helices (in eukaryotes typically 6 per domain). The membrane-spanning subunits
are structurally heterogeneous and currently there are recognized three distinct sets of folds: type
I ABC importer (ModABC transporter from Archeoglobus fulgidus (Hollenstein et al., 2007a, b),
MalFGK,; transporter from Escherichia coli (Oldham et al., 2007), ModB transporter from
Methanosarcina acetivorans (Gerber et al., 2008), MetNI transporter from Escherichia coli
(Kadaba et al., 2008)), type Il ABC importer (BtuCD transporter from Escherichia coli (Locher
et al., 2002), Hi1470 and Hi1471 transporters from Haemophilus influenzae (Pinket et al., 2007),
BtuCDF transporter from Escherichia coli (Hvorup et al., 2007)) and ABC exporter folds
(Sav1866 transporter from Staphylococcus aureus (Dawson and Locher, 2006, 2007), MsbA
transporter from Salmonella typhimurium, Escherichia coli, Vibrio cholerae (Ward et al., 2007)).

The NBDs structures are strongly conserved and serve as energy source for substrate
translocation using energy released upon ATP hydrolysis. The TMDs are coupled to NBDs via

helices which dock into cavities on the interfacial surface of the NBDs (Hollenstein et al., 2007a,
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b). The NBDs can be further divided into two constituent domains: a catalytic core domain,
which contains the conserved P-loop or Walker A motif, Walker B motif, Q-loop and H-motif;
and a more structurally diverse o-helical domain, which contains the ABC signature motif
LSGGQ (Schmitt et al., 2003). The Q loop is presumed to be involved in the interaction of the
NBD and TMD, particularly in the coupling of nucleotide hydrolysis to the conformational
changes of the TMD during substrate translocation. The H motif or switch region contains a
highly conserved histidine residue that is also important for the interaction of the ABC domain

with ATP (Davidson and Chen, 2004; Davidson et al., 2008).

Figure 4. Molecular architecture of ABC a Outward facing Inward facing

composed of two transmembrane domains (TMDs) and E::»:::E
two ABC domains (or nucleotide-binding domains). The

binding protein component that is required by importers

is also shown. Two conformational states of the ABC

transporter — outward facing and inward facing, with

the substrate-binding site oriented towards the g;_?g’“’é‘iw Cytoplasm
periplasmic (extracellular) and cytoplasmic - ABC ABC ABC ABC
(intracellular) regions, respectively — are depicted to
show the alternating access mechanism of transport.

b) The Escherichia coli vitamin B12 importer
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subunits (purple and red) and the two ABC subunits
(green and blue). This complex also contains one copy
the periplasmic binding protein (cyan).

¢) The Staphylococcus aureus Sav1866 multidrug
exporter consists of two subunits (green and dark blue),
which contain a fused TMD and ABC domain. The
nucleotides that are bound in this structure are shown by
yellow space-filling models. ICL - intracellular loop,
(adopted from Rees et al., 2009).

Periplasm

Cytoplasm

Export or import function seems to
be determined by  TMDs-NBDs
interaction (Hollenstein et al., 2007a, b).

Exporters have two intracellular loops from each TMD docked into NBDs in contrast to
importers which are connected via one loop of each TMD.

The ABC dual transport activity, i.e. translocation of substrate in both directions in and
out of the cell was not found out yet. However, Yang and Murphy (2009) indicated that ABCB4
expressed in Schizosaccharomyces pombe acts as an auxin importer under low substrate
concentrations and as an auxin exporter under high substrate concentrations. Moreover, Yang
and Murphy (2009) developed computational models of ABCB4 and ABCBI19 based on the
crystal structure of bacterial ABC transporter Sav1866 (Dawson and Locher, 2006). Structural
comparisons indicate that ABCB4 and ABCB19 share a common architecture, but detailed
sequence and structural analysis identified some differences. First, used COILS software

program (http://www.ch.embnet.org/software/COILS form.html) (Lupas et al., 1991) predicts
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N-terminal coiled-coil structures in ABCB4 that are also found in the Arabidopsis thaliana
ABCBI14 guard cell malate importer (Lee et al., 2008), the Coptis japonica CJMDRI1 putative
berberine importer (Shitan et al., 2003), and ABCB21, a highly similar Arabidopsis thaliana
ABCB protein (Verrier et al., 2008). No such N-terminal coiled-coil domain was found in the
ABCBI19 and ABCBI1 exporters. Second, the hydrophobic region of TMH4 in ABCB4 is shifted
below the membrane plane in the models and this fact could alter the TMD arrangement in
ABCB4 and thus the direction of transport. Third, the linker domain of ABCB4, connecting
NBDI1 and TMD2, contains another coiled-coil structure, which is not found in the plant ABC
importers CJMDR1, ABCB14 and ABCB21 or the ABCBI and ABCB19 exporters, suggesting
that this unique feature could also regulate ABCB4 activity. The switch between binding of the
N-terminal coiled-coil domain to a binding protein or the linker coiled-coil domain could provide
an explanation for the changeable directionality observed in ABCB4. Yang and Murphy (2009)
also showed that IAA was primarily docked into two binding sites in the TMDs of ABCBI19,
while in ABCB4 the third unique binding site might function as a regulatory site, in which an
interaction with [AA molecule activates export activity.

The high-resolution structures of eight intact ABC transporters (3 exporters and 5
importers) revealed different interactions between TMDs and NBDs and it seems that the
substrate is probably one of the players responsible for conformational changes in the TMDs
rather than passively transported molecule Kos and Ford (2009), and Rees et al. (2009).

At present time, three-dimensional structures of four complete ABC exporters are
available including crystal structures of MsbA from Escherichia coli in an open conformation
(Chang and Roth, 2001), as well as its homologs from Vibrio cholerae in a closed form (Chang,
2003) and from Salmonella typhimurium complexed with lipopolysaccharide and ADP-vanadate
(Reyes and Chang, 2005); furthermore, the crystal structure of Sav1866 from Staphylococcus
aureus is available (Dawson and Locher, 2006).

The structures of ABC proteins gave a view on their mode of action. Murakami et al.
(2006) and Seeger et al. (2006) reported the structure of AcrB from Escherichia coli (for details
see Fig. 5), transporter that uses the energy of the transmembrane proton gradient, while Dawson
and Locher (2006) detailed the structure of Sav1866 from Staphylococcus aureus, transporter
that derives its power from the breakdown of ATP molecules.

Schuldiner (2006) reviewed that the transport mechanisms of these two model proteins
have a common feature: and inward-facing conformation with the substrate-binding site
accessible from the cell interior, and an outward-facing conformation with an extrusion pocket
exposed to the external medium. The transition between the two conformations is energy

dependent. An important question for ABC transporters concerns the ratio of ATP hydrolysed
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per translocated substrate, and whether or not there is a complete coupling of these processes

under physiological conditions.

Figure 5. The structure of the AcrB—drug complex and proposed mechanism of drug transport

a) The complex is seen from the
side, with the drug shown as a red
hexagon. The dotted line
indicates a possible pathway for
substrates moving from the
cytoplasm. The complex contains
three molecules of AcrB, AcrA
accessory proteins and the TolC
channel to the exterior. The drug
is proposed to enter AcrB when it
is in the access (A) conformation,
before binding more closely to
the porter domain of AcrB in the
binding (B) conformation. It is
then transported to the opposite
face and is released from the
extrusion (E) conformation of
AcrB. Transport of the xenobiotic
is powered by the proton (H")
gradient across the membrane. b)
The proposed ordered multidrug
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P
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binding change mechanism of the
three-unit AcrB complex
(adopted from Schuldiner, 2006).

The enzymatic hydrolysis of ATP requires the presence of two sets of properly positioned
groups: for binding the phosphates and for catalysing the attack of water on the y-phosphate. For
a large family of nucleotide-binding proteins, including ABC transporters, the conserved Walker
A and Walker B motifs participate by binding the nucleotide phosphates and the Mg®" that is
coordinated to the nucleotide, respectively (reviewed by Rees et al., 2009).

The mechanism that characterizes the conformational changes associated with binding of
substrate is the “alternating-access model”. In this model, the substrate binding site alternates
between outward- and inward-facing conformations. The relative binding affinities of these two
conformations for the substrate largely determines the net direction of transport. For importers
the outward-facing conformation will have higher binding affinity for substrate whereas the
substrate binding affinity in exporters will be greater in the inward-facing conformation (Rees et
al., 2009).

A model that describes the conformational changes in the NBD as a result of ATP
binding and hydrolysis i1s the “ATP-switch model”. This model presents two principal
conformations of the NBDs: formation of a closed dimer upon binding two ATP molecules and
dissociation to an open dimer facilitated by ATP hydrolysis and release of inorganic phosphate
(Pi) and adenosine diphosphate (ADP). Switching between the open and closed dimer
conformations induces conformational changes in the TMD resulting in substrate translocation

(Higgins and Linton, 2004) (for details see Fig. 6).

26



Figure 6. The figures schematize an ABC protein mediated
transport

Substrate (S) coming from the cytosol or already within the
membrane binds to a substrate binding site in one of the TMDs.
This is followed by ATP (T) binding to the nucleotide-binding site
localized at the interface between both NBDs. ATP binding and
hydrolysis is accompanied by a structural rearrangement that
allows the substrate to access to, and to be translocated through, a
membrane path. Upon ADP (D) and phosphate dissociation, the
protein returns to the initial state (adopted from Jasinsky et al.,
2003).

However, general mechanism for the
transport cycle of ABC transporters has not been
fully elucidated but substantial structural and

biochemical data has supported a model in which

ATP binding and hydrolysis is coupled to transporter conformational changes.

4.6.3.2. Plant ABC proteins

The first complete inventory of the Arabidopsis thaliana ABC protein superfamily
performed by Sénchez-Fernadndez et al. (2001b) revealed that the genome encodes 129 ABC
proteins which were divided into 13 subfamilies (Fig. 7). Such a high number of plant ABC
proteins is connected with their wide transport capacity together with exceptional metabolic
versatility. More than 100 000 secondary metabolites have been identified in plants (Arabidopsis
Genome Initiative, 2000), most of them would be toxic even in low concentrations, if they were
not transported against steep concentration gradients across membranes out of the compartments
in which they are synthesized (reviewed by Rea et al., 1998; Martinoia et al., 2000; Theodoulou,
2000; Yazaki, 2006). Later, Schulz and Kolukisaoglu (2006) brought new data from their

phylogenomic analyses and Verrier et al. (2008) created new plant ABC proteins nomenclature.

Figure 7. Phylogeny of Arabidopsis ABC proteins

The 13 subfamilies are shown in different colours.
These are four subfamilies of full-molecule
transporters (MDRs — multidrug resistance
homologs, MRPs — multidrug resistance-associated
protein  homologs, PDRs — pleiotropic drug
resistance homologs, AOH - ABCI homolog), five
subfamilies of half-molecule transporters (WBCs —
white-brown complex homologs, ATHs — ABC2
homologs, ATMs — ABC transporter of the
mitochondrion homologs, TAPs - transporter
associated with antigen processing homologs and
PMPs — peroxisomal membrane protein homologs)
and four subfamilies of proteins lacking
transmembrane spans (the RLIs — RNase L inhibitors
homologs, GCNs — yeast GCN20, general control
nonresponsible homologs, SMCs — structural
maintenance of chromosomes homologs and NAPs —
nonintrinsic ABC proteins) (adopted from Sanchez-
Fernandez R., 2001a).

TRENDS In Plant Sclence
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Genome sequencing revealed 22 homologs to human and yeast MDR proteins in
Arabidopsis (Sanchez-Fernandez et al., 2001; Martinoia et al., 2002) and 17 homologs in rice
(Jasinski et al., 2003), recently classified in ABCB protein subfamily (Verrier et al., 2008).

First plant homologue to mammalian MDR genes, the ABCBI, was cloned from
Arabidopsis thaliana (Dudler and Hertig, 1992) with perspective to determine substrate
specificity and find out its role in plant cells resistance to herbicides. The ABCBI homologue
from barley (monocotyledonous plant) was isolated several years later (Davies, 1997). The first
connection between ABCB1 and auxin transport was suggested by Sidler et al. (1998), when
ABCBI function in regulation of hypocotyl elongation has been proposed. Moreover, it was
confirmed that the overexpression of ABCB1 protein causes resistance to herbicides (Windsor et
al., 2003). Interestingly the compact stalk of agronomic important maize and sorghum mutants
(brachytic (br2) and dwarf (dw3)) is caused by mutation in MDR-like gene (Multani et al.,
2003). Later, Knoller et al. (2010) indicated that the function of ABCBI1 in exporting auxin from
meristematic regions is conserved in monocots and dicots, despite the pronounced differences
observed in loss-of-function mutants (b»2 and abcbl).

Sidler et al. (1998) first demonstrated ABCBI1 localization on PM. Later mainly apolar
ABCBs cellular localization with partial apical localization in several tissues was proved
(Geisler et al., 2005; Terasaka et al., 2005; Blakeslee et al., 2007; Cho et al., 2007).

Noh et al. (2001, 2003), Lin and Wang (2005) proved clear relation between auxin
transport and ABCB1 or ABCB19 function, when they showed that abcbl, abcb19 and double
mutant as well exhibit pleiotropic growth phenotypes, like dwarf epinastic stature, curled leaves,
and short stems and stamens. The abcb19 and abcblabcbl9 mutants also exhibit hypergravi- and
hyperphototropic responses (Noh et al., 2003; Lin and Wang, 2005) and are defective in
regulation of photomorphogenesis (Lin and Wang, 2005). Simultaneously high affinity binding
of Arabidopsis thaliana ABCB1 and ABCB19 to the auxin efflux inhibitor NPA was confirmed
(Noh et al., 2001; Murphy et al., 2002; Lin and Wang, 2005).

Polar auxin transport is reduced ~70% in abcbl and abcb19, while pinl exhibits a ~30%
reduction (Blakeslee et al., 2007). However, abch mutants show none of the defects in
organogenesis that are seen in pin/ (Noh et al., 2001). This suggests that ABCBs primarily
regulate long-distance auxin transport and localized loading of auxin into the transport system
and do not function in establishing the basal vectorial auxin flows that function in organogenesis
(Bandyopadhyay et al., 2007; Blakeslee et al., 2007; Bailly et al., 2008).

The ability of ABCB1 and ABCB19 to mediate auxin efflux in a heterologous system
(yeast, mammalian HeLa and tobacco BY-2 cells) was already confirmed (Geisler et al., 2005;

Petrasek et al., 2006). In root hair growth and NAA transport assays in transformed BY-2
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tobacco cells, ABCB4 seemed to function as an auxin exporter (Cho et al., 2007). While these
studies showed ABCBs efflux activity, interestingly in ABCB4-transgenic and mutant plants
auxin uptake activity was also observed. Similarly to ABCBI and ABCB19, ABCB4 expression is
upregulated by exogenous auxin. Furthermore, the ABCB4 expression increases sensitivity of
yeast for auxin and its analogues (Santelia et al., 2005). ABCB4 is strongly expressed in roots
and regulates auxin distribution in lateral root cap thus affecting root gravitropism (Santelia et
al., 2005, Terasaka et al., 2005). As it was already mentioned, ABCB4 exhibits structural
similarity to the berberine uptake transporter CJMDR1/CJABCBI1 from the medicinal plant
Coptis japonica (Shitan et al., 2003) and, to a lesser extent, to the ABCBI14 malate uptake
transporter from Arabidopsis thaliana guard cells (Lee et al., 2008). The role of ABCB proteins
(1, 4 and 19) in plant development and in cellular or long-distance auxin transport was reviewed
by Geisler and Murphy (2006) and Rea (2007).

The enhancement of ABCB19 expression in endodermal and pericycle cells which form the
border of auxin streams suggested the inhibitory role of ABCB19 in auxin lateral movement.
This was tested by measuring auxin “escape” from stellar stream by specially designed auxin
transport assays (Bandyopadhyay et al., 2007; Blakeslee et al., 2007). Lewis et al. (2007) used
abcbl and abch4 mutants to dissect the roles of two antiparallel auxin streams (acropetal and
basipetal) in root growth and development and they confirmed importance of ABCB1 and
ABCB4 transporters for root auxin transport, while they showed that mutations in ABCBI
reduced acropetal auxin transport in roots by 80%, without affecting basipetal transport, and
conversely, mutations in ABCB4 blocked 50% of basipetal transport without affecting acropetal
transport. (Wu et al., 2007) used the same mutants to investigate the role of the auxin transport
streams in lateral root growth development.

A breakthrough into way of ABCBs action in auxin transport was revealing the role of
ABCB1 and ABCB19 in PIN1 polar distribution in PM (Noh et al., 2003; Bandyopadhyay et al.,
2007; Blakeslee et al., 2007; Titapiwatanakun et al., 2009; Titapiwatanakun and Murphy, 2009).
When PINs and ABCBs are co-expressed in heterologous systems, their interaction enhances the
rate of auxin efflux and increases the substrate specificity and efflux inhibitor sensitivity
(Blakeslee et al., 2007). Moreover, the loss of auxin transport specificity was observed in pinl
and abcb19 mutants, which confirms the importance of coordinated ABCB-PIN action. On the
other hand, the interaction between auxin influx carrier AUX1 and ABCB1 or ABCB19 was not
observed. ABCBs and PINs exhibit overlapping expression patterns and co-localize in PIN polar
domain (Blakeslee et al., 2007), but the mechanism of vesicular PIN1 trafficking is not involved
in ABCB19 regulation (Titapiwatanakun et al., 2009; Titapiwatanakun and Murphy, 2009). Even
if possible role of ABCB in PIN targeting was proposed (Noh et al., 2003), further analyses
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showed that ABCB probably only stabilizes PINs in detergent resistant microdomains
(Titapiwatanakun et al., 2009; Titapiwatanakun and Murphy, 2009) pointing at the composition
of lipid membrane as an important factor in regulation of integral membrane proteins such as
PINs and ABCBs. It was found that ABCB19 as well as PIN1 proteins are localized in sterol-rich
detergent-resistant membrane fractions. In mutant abchbl9 PIN1 protein was not detected
probably due to the loss of ABCB19-PIN1 interaction. The reason why PIN1 transport activity is
not detected in Saccharomyces cerevisiae was probably a lack of such sterol-rich microdomains
(Titapiwatanakun et al., 2009).

Relative to ABC proteins transport plasticity researchers were and are looking for specific
ABC inhibitors to effectively block their function. NPA was initially used in affinity
chromatography to isolate the ABCBI, 4, and 19 proteins (Murphy et al., 2002; Geisler et al.,
2003; Terasaka et al., 2005). Murphy et al. (2002) also identified high and low affinity NPA
binding sites in Arabidopsis thaliana membranes, consecutively FKBP immunophilin-like
protein, TWD1/FKBP42 was co-purified with the ABCBs and it has been proposed to induce
conformational changes in ABCB1 and ABCB19 (Geisler et al., 2003; Bouchard et al., 2006;
Bailly et al., 2008) (for details about TWDI see chapter 4.6.3.3.). Other inhibitor gravacin was
originally identified as an inhibitor of gravitropic bending in hypocotyls (Surpin et al., 2005).
Wild-type Arabidopsis thaliana seedlings treated with gravacin resulted in reductions of auxin
transport that were similar to those seen in abcb19, while gravacin treatment of abcbh 19 mutants
resulted in further reductions in auxin transport (Rojas-Pierce et al., 2007). Treatment with
gravacin did not alter the gravitropic response of twdl, and microsomes derived from twdl
showed reduced binding to gravacin (Rojas-Pierce et al., 2007; Bailly et al., 2008). However, the
immunolocalization of ABCB19 was unchanged in twd/ mutants compared to wild type
(Titapiwatanakun et al., 2009), suggesting that FKBP42 is more likely to function in activation,
rather than localization of ABCB1/19 to the PM. Kim et al. (2010) identified BUM as another
specific inhibitor of ABCB-related auxin transport.

Compared with the more dynamic processes regulating membrane localization of the
AUX1 and PIN-family proteins, ABCB19 is more stably situated on the PM (Titapiwatanakun et
al., 2009). Whereas the dynamic cycling of PIN1 is disrupted by short-term treatments with actin
depolymerising compound latrunculin B (Geldner et al., 2001), the localization of ABCB19 is
unaffected. Similarly ABCB19 subcellular localization is insensitive to short-term treatments
with the microtubule depolymerizing compound oryzalin and is also insensitive to wortmannin
(Titapiwatanakun et al., 2009). However, treatment with gravacin does interfere with the
trafficking of ABCBI19 to the PM resulting in aggregation of some ABCBI19 protein in an

unidentified compartment that does not co-localize with the endocytic marker FM4-64 (Rojas-
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Pierce et al., 2007). As the trafficking of ABCB19 to the PM is not BFA-sensitive, it is not
mediated by GNOM-dependent mechanisms (Titapiwatanakun et al., 2009). However, ABCB19
appears to be trafficked by GNOM-LIKE1 (GNL1), a BFA-insensitive ARF-GEF in the GNOM
family that mediates vesicular ER-Golgi trafficking (Richter et al., 2007; Teh and Moore, 2007).
In Arabidopsis thaliana, mutations in GNLI1 exhibit a reduction in the abundance and PM
localization of ABCB19, but not of PIN1 and PIN2. On the other hand, ABCB1 does aggregate
in intracellular bodies with PIN2 after BFA treatment, suggesting that it is less stable and more
readily endocytosed than ABCB19 (Blakeslee et al., 2007; Titapiwatanakun et al., 2009). This is
even more likely, as ABCBI1 exhibits stronger interactions with both FKBP42/TWD1 and the
auxin transport inhibitor NPA (Murphy et al., 2002; Geisler et al., 2003; Bouchard et al., 2006;
Bailly et al., 2008).

4.6.3.3. ABCB proteins are functionally regulated via immunophilin TWISTED DWARF' 1

FK506-binding proteins (FKBPs), together with unrelated cyclophilins, belong to the
immunophilins, an ancient and ubiquitous protein family (Schreiber, 1991; Harrar et al., 2001;
He et al.,, 2004; Romano et al., 2004a, b). They were first described as receptors for
immunosuppressive drugs in animal and human cells, FK506 and cyclosporine A, respectively
(Schreiber, 1991). All FKBP-type immunophilins share a characteristic peptidyl-prolyl cis-trans
isomerase domain (PPlase domain or FK506-binding domain (FKBD)) making protein folding a
key feature among immunophilins (Schiene-Fischer and Yu, 2001; Bailly et al., 2006).

Immunophilins were shown to be distributed throughout the plant cell (Breiman et al.,
1992; Luan et al., 1994), and it has been recently confirmed by detailed subcellular localization
(e.g. Geisler et al., 2003; Bouchard et al., 2006). Twenty-three FKBP-type proteins have been
identified in the Arabidopsis thaliana genome; however, their individual function is poorly
understood. Anyway, the discovery of plant immunophilins has not only demonstrated
conservation of these proteins in a full spectrum of biological systems but has also provided
clues to their potential functions (Romano et al., 2004a, b). For example, some plant cyclophilin
genes have been shown to be induced by a variety of biotic and abiotic stresses, suggesting that
they may play a role in environmental response processes (Chou and Gasser, 1997; Kurek et al.,
1999).

The FKBP domain of FKBP42 has been demonstrated to physically interact with the C-
terminal NBDs of PM-localized transporters ABCB1 and ABCB19 (Geisler et al., 2003),
whereas the TPR domain appears to be responsible for functional association with vacuolar
transporters ABCC1 and ABCC2 (Geisler et al., 2004). The Arabidopsis thaliana mutant twisted
dwarfl (twdl) Perez-Perez et al., 2004) lacks FKBP42 and displays a drastic pleiotropic auxin-
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related phenotype that includes reduced development and cell elongation (dwarfism), and
disoriented growth of all organs both on the epidermal and whole plant level (Geisler et al.,
2003). Originally, Kamphausen et al. (2002) and Bouchard et al. (2006) predicted TWDI to be
membrane-localized (PM and tonoplast), but newly, Wu et al. (2010) showed TWD1 localization
in ER, moreover they proved that mutations in 7WDI caused mislocalization of ABCBI,
ABCB4, and ABCB19 to the ER instead of PM comparing to unrelated PIN2 PM localization.

Earlier, ABCBI1 and ABCB19 have been shown to directly mediate cellular auxin efflux
(Geisler et al., 2005; Lin and Wang, 2005). Strikingly, the double mutant abcb1/abcb19, but not
the corresponding single mutants, shares with rwdl highly similar auxin-related phenotypes:
dwarfism and agravitropic roots (Bailly et al., 2006; Bouchard et al., 2006). Bouchard et al.
(2006) proved that cellular efflux of IAA from mutant cells is reduced compared with that from
wild-type cells in the order wild type > abcbl > abcb19 >> abcbl/abcb19 > twdl. Furthermore
the overexpression of TWD1 has no effect on IAA export, whereas up-regulation of the ABC
transporters ABCB1 and ABCB19 strongly enhances efflux. Expression and localization of PIN1
and PIN2 are not altered in twd 1.

The simplest mechanistic model proposed TWD1-induced conformational changes in the
C- termini of ABCB1 and ABCB19 increase ATP access to the second ATP-binding site of these
proteins. In the absence of TWDI, the ATP-binding site would be blocked, leaving
ABCBI/ABCB19 in an inactive state (Bouchard et al., 2006).

Recently, Bailly et al. (2008) reported specific disruption of ABCB-TWDI interaction by
NPA and flavonoids using BRET technique. This is in line with previous findings demonstrating
NPA binding to plant ABCBs and inhibition of ABCB-mediated auxin transport by NPA
(Santelia et al., 2005; Terasaka et al., 2005; Bouchard et al., 2006). In contrast to NPA, the auxin
transport inhibitors (ATIs) 2,3,5-triiodobenzoic acid (TIBA) and 2-carboxylphenyl-3-
phenylpropan-1,3-dione (CPD) had no significant effect on the ABCB1-TWDI1 complex stability
and auxin transport (Bailly et al., 2008). This is not unexpected, as TIBA is structurally unrelated
and has been shown to displace NPA binding only partially and even to own weak auxin activity,
suggesting a different locus and mode of action compared with NPA (Petrasek et al., 2003).
Conversely, the flavonol quercetin was the most capable of disrupting ABCB1-TWDI1
interaction (Bailly et al., 2008) probably due to the highest efficiency of quercetin in competing
with NPA for auxin transporter binding sites (Jacobs and Rubery, 1988).

It seems reasonable to assume that impaired cell elongation and disoriented growth of
twd1 plants result from non-sufficient auxin transport and above all it supports the idea of TWD1

central position in ABCB-mediated auxin transport.
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4.6.3.4. Regulation of ABCB proteins by flavonoids

Flavonoids are plant secondary polyphenolic metabolites and serve as important
nutraceuticals. They have health-promoting effects, including antioxidant, anticarcinogenic,
antiviral, and anti-inflammatory activities; however, the cellular targets of the in vivo protein
remain largely unknown (Taylor and Grotewold, 2005; Morris and Zhang, 2006), apart from
interactions of flavonoids with animal ABC transporters involved in drug absorption,
distribution, excretion and resistance. Until now many studies have demonstrated inhibition of
animal ABC transporters, mainly ABCB1, ABCC1, ABCC2 and ABCG2 by flavonoids (Morris
and Zhang, 2006; Alvarez et al., 2010).

Flavonoids are widely distributed throughout the plant kingdom and are abundant in
many flowers, fruits and leaves (reviewed by Winkel-Shirley, 2002; Taylor and Grotewold,
2005; Zhao and Dixon, 2009; Alvarez et al., 2010; Buer et al., 2010). In plants, besides playing a
role in defence responses to environmental impacts (Treutter, 2005), allelopathy (Bais et al.,
2006) or root nodule development (Subramanian et al., 2007; Mathesius, 2008) and modulating
the levels of reactive oxygen species (ROS) (Taylor and Grotewold, 2005; Bais et al., 2006),
they have been also shown to inhibit polar auxin transport (PAT) and consequently to enhance
localized auxin accumulation (Stenlid, 1976; Marigo and Boudet, 1977; Jacobs and Rubery,
1988; Murphy et al., 2000; Brown et al., 2001; Peer et al., 2001, 2004, 2007). The regulatory
impact of flavonoids on PAT was initially based on their ability to compete with NPA or
herbicide for transporter binding sites. This concept is further supported by auxin-related
phenotypes of Arabidopsis thaliana transparent testa mutants with altered flavonoids levels
(Murphy et al., 2000; Brown et al., 2001; Peer et al., 2001, 2004; Taylor and Grotewold, 2005).
At the present time flavonoids are considered to be transport regulators or modulators (Peer et
al., 2007); nevertheless, the mechanisms by which flavonoids interfere with auxin efflux
components are not yet clear.

It has been shown that treatment with flavonoids and mammalian MDR/PGP inhibitors
reverse efflux of human MDR substrates to the point of net retention in mammalian cells (Zhang
and Morris, 2003; Morris and Zhang, 2006). Consecutively it was confirmed that flavonoids are
also functioning as inhibitors of plant ABCBs (Geisler et al., 2005; Terasaka et al., 2005;
Bouchard et al., 2006), probably by mimicking ATP and competing for ABCB NBDs.

In addition to regulating ABCBs, a lack of flavonoids in Arabidopsis thaliana altered the
expression and localisation of certain PIN proteins, and it was suggested that flavonoids could
act by targeting PIN intracellular cycling, at least in the root tip. However, it is likely that PIN
protein localisation is not regulated by flavonoids directly but by auxin localisation itself in a

positive feedback loop (Peer et al., 2004). This could be regulated at the level of vesicle cycling
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as auxin was shown to inhibit internalisation of PIN proteins mediated by BIG (calossin-like
protein required for PAT), thus auxin could increase its own efflux from cells (Paciorek et al,
2005).

Studies in flavonoid-deficient Arabidopsis thaliana mutants confirmed that these plants
had higher rates of auxin transport whereas mutants over accumulating flavonols show decreased
auxin transport rates (Murphy et al., 2000; Brown et al, 2001; Peer et al., 2004). Flavonoids
could be an ideal link between auxin transport and the environment because they are
accumulated in response to a variety of environmental stimuli (Buer and Muday et al., 2004;
Taylor and Grotewold, 2005). The co-localisation of flavonoids at sites of high auxin
concentration supports their role in auxin transport control (Murphy et al., 2000; Peer et al.,
2001; Buer and Muday, 2004; Buer et al., 2006).

Although we have lot of new information about flavonoids action in plants, there are still
some questions connected with flavonoids activity e.g. what is their effect on AUX1 and LAX
carriers or how much of free flavonoids remain in the cytoplasm to modulate the trafficking of
the activity of auxin transporters?

Up to now, there is a lot of information about various auxin transporters and their
role in plant development. However, there are also remaining open questions, many of

them related to ABCB transporters and their mechanism of action in auxin transport.
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5. Materials and Methods

5.1. Plant material

Cells of tobacco line BY-2 (Nicotiana tabacum L., cv. Bright-Yellow 2) (Nagata et al.,
1992) were cultured in liquid medium (3% [w/v] sucrose, 4.3 g.I"" Murashige and Skoog salts,
100 mg.l'1 inositol, 1 mg.l'1 thiamin, 0.2 mg.l'1 2,4-D, and 200 mg.l'l KH,PO4 [pH 5.8]) in
darkness at 26°C on an orbital incubator (Sanyo Gallenkamp, Schoeller Instruments Inc., Prague,
Czech Republic; 150 rpm, 32 mm orbit) and subcultured weekly. Stock BY-2 calli were
maintained on media solidified with 0.6% (w/v) agar and subcultured monthly. BY-2 cells were
stably transformed by co-cultivation with Agrobacterium tumefaciens strain GV2260 carrying
gene constructs with Arabidopsis thaliana genes under various promoters with various tags:
pGVG::ABCB1-myc and pGVG::ABCB19-HA (Blakeslee et al., 2007), ABCB4::ABCB4:GFP
(Cho et al., 2007), PIN1::PIN1:GFP (Benkova et al., 2003) and pGVG::PIN7:GFP (Petrasek et
al., 2006), as described in An et al. (1985) and Petrasek et al. (2003). The pGVG-ABCB1-myc
and pGVG-ABCB19-HA plasmids were constructed by cloning the whole genomic coding
region of ABCBI and ABCB19 genes fused with the respective tag by primer extension PCR to
pTA7002 (Aoyama and Chua, 1997), and transformed to the UAS::GUS (Weijers et al., 2003)
line. Fifteen independent transgenic lines were analysed for each construct. Transgenic BY-2
cells and calli were maintained on the media supplemented with 40 pg.ml' hygromycin or
kanamycin and 100 pg.ml-1 cefotaxim. Expression of PIN and ABCB genes in tobacco cells was
induced by the addition of dexamethasone or estradiol (DEX or EST, 1 uM, 24 hours, except for

stated otherwise) at the beginning of the subcultivation period.

5.2. Expression and localization analysis

Tobacco RNA was isolated using the Plant RNA Qiagen Mini-Prep and RT-PCR
performed using Qiagen® OneStep RT-PCR kits according to the manufacturer's protocols.

For Western Blots total protein fraction from GVG-ABCB19 and GVG-ABCBI1 tobacco
BY-2 cells was obtained after homogenization in liquid nitrogen. The frozen powder was then
mixed with an equal volume of extraction buffer (50 mM Tris-HCI, pH 6.8; 2% (w/v) SDS; 36%
(w/v) urea; 30% (w/v) glycerol; 5% (v/v) mercaptoethanol; 0.5 % (w/v) Bromphenol Blue),
vortexed for 1 min, boiled for 3 min, and centrifuged at 13.000 rpm and 4°C for 5 min. The
supernatant was transferred into a new tube and re-centrifuged at 13.000 rpm and 4°C for 5 min.
The resulting supernatant was defined as total protein extract and stored at —20°C until use.

For immunolocalization GVG-ABCB19-HA and GVG-ABCB1-myc tobacco BY-2 cells
were pre-fixed 30 min in 100 pM MBS and 30 min in 3.7% (w/v) PFA buffer consisting of 50
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mM PIPES, 2 mM EGTA, 2 mM MgSO,, (pH 6.9), at 25°C and subsequently in 3.7% (w/v)
PFA and 1% Triton X-100 (w/v) in stabilizing buffer for 20 min. After treatment with an enzyme
solution (1% (w/v) macerozyme and 0.2% (w/v) pectinase) for 7 min at 25°C and 20 min in ice
cold methanol (at -20°C), the cells were attached to poly-L-lysine coated coverslips and treated
with 1% (w/v) Triton X-100 in microtubule stabilizing buffer for 20 min. Then the cells were
treated with 0.5% (w/v) bovine serum albumin in PBS and incubated with primary antibody for
45 min at 25°C. After washing with PBS, a secondary antibody in PBS was applied for 1 h at
25°C. Coverslips with cells were carefully washed in PBS, rinsed with water with Hoechst
33258 (0.1pg/ml) and embedded in Mowiol (Polysciences) solution. The following antibodies
and dilutions were used: anti-HA (Sigma-Aldrich; 1:500), anti-myc (Sigma-Aldrich; 1:500),
TRITC-(Sigma-Aldrich; 1:200), FITC-(Sigma-Aldrich; 1:200). Slides were observed using a
microscope Nikon Eclipse E600 equipped with appropriate filter sets, DIC optics and color
digital camera (DVC 1310C, USA).

5.3. Chemicals

Unless stated otherwise, all chemicals were supplied by Sigma-Aldrich, Inc. (St. Louis,
USA). 1-naphthylphthalamic acid (NPA), was supplied by OlChemIm Ltd. (Olomouc, Czech
Republic). *H-benzoic acid (BeA [4°"]), *H-indole-3-acetic acid (IAA) and °H-24-
dichlorophenoxyacetic acid (2,4-D) (all of specific radioactivity 20 Ci.mmol™") and H-
naphthalene-1-acetic acid (NAA) (specific radioactivity 25 Ci.mmol"') were supplied by
American Radiolabeled Chemicals, Inc. (St. Louis, USA).

5.4. BY-2 cell microscopy

Cell densities were determined by counting cells in at least 8 aliquots of each sample
using Fuchs-Rosenthal haemocytometer slide and inverted microscope Zeiss Axiovert 40C.
Phenotype analyses (cell lengths and diameters) were observed with microscope Nicon Eclipse
E600 (Japan) and images were grabbed with colour digital camera (DVC 1310C, USA) using
LUCIA image analysis software (Laboratory Imaging, Prague, Czech Republic). For all in vivo
observations Zeiss LSM510-DUO confocal microscope with a 40x C-Apochromat objective

(NA=1.2W) was used.

5.5. Auxin accumulation assays in BY-2 cells

Auxin accumulation by two-day old cells was measured according to the Delbarre et al.
(1996) as modified by PetraSek et al. (2006). Treatments were repeated at least two times and
averaged values (& standard errors) were expressed as pmols of particular auxin accumulated per

10° cells. Depending on experiment, 10 pM 2-NOA or NPA (both from 50 mM DMSO stock) or
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cold auxins 5 uM TAA and 2,4-D (50 mM ethanol stocks) were added at the beginning of the
accumulation assay (together with the addition of radioactively labelled auxin) or 30 min before
beginning of the accumulation assay (to increase inhibitor effect). The *H-2,4-D, *H-BeA, *H-
IAA and *H-NAA were added to the cell suspension to give a final concentration of 2 nM. After
a timed uptake period, 0.5-ml aliquots of cell suspension were collected and accumulation of
label was terminated by rapid filtration under reduced pressure on 22-mm-diameter cellulose
filters. The cell cakes and filters were transferred to scintillation vials, extracted in 0.5 ml of 96%
ethanol for 30 min, and afterwards 4 ml of scintillation solution (EcoLite Liquid Scintilation
Fluid, MP Biomedicals, Solon, USA) were added. Radioactivity was determined by liquid
scintillation counter Packard Tri-Carb 2900TR (Packard-Canberra, Meridian, CT, USA) with

automatic correction for quenching.

5.6. HPLC metabolic profiling

Two days old BY-2 cells were prepared for the experiment by equilibration in uptake
buffer as for accumulation assays described (Petrasek et al., 2006). Experiments were done in
uptake buffer and under standard cultivation conditions. Cells were incubated with addition of 20
nM *H-BeA, 3H-IAA, ’H-NAA and 3H-2,4-D for a period of 0 and 10 min. Cells and media
(uptake buffer) were collected and frozen (200 mg of fresh weight and 10 ml per sample).
Extraction and purification of auxin metabolites in cells and media were performed as described
(Dobrev and Kaminek, 2002, Dobrev et al., 2005). The radioactive metabolites were separated
on HPLC. For this method column LunaC18 (2), 150 x 4.6 mm, 3 um (Phenomenex, Torrance,
CA, USA) was used, mobile phase A was 40 mM CH3;COONH4, (pH 4.0) and mobile phase B
was CH3;CN/CH;OH, 1/1, (v/v). Flow rate was 0.6 ml min™' with linear gradient 30-50 % B for
10 min, 50-100 % B for 1 min, 100 % B for 2 min, 10-30 % B for 1 min. The column eluate was
monitored by a Ramona 2000 flow-through radioactivity detector (Raytest GmbH,
Straubenhardt, Germany) after online mixing with three volumes (1.8 mlmin™) of liquid
scintillation cocktail (Flo-Scint III, Perkin Elmer Life and Analytical Sciences, Shelton, CT,
USA). The radioactive metabolites were identified on the basis of comparison of their retention
times with authentic standards. For the results presentation the total integrated area of

chromatogram plots was normalized based on the equalization of total accumulated radiolabel.
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6. Results
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6.1. Chapter 1 - PIN proteins perform a rate-limiting function in cellular auxin efflux

Jan Petrasek, Jozef Mravec, Rodoplhe Bouchard, Joshua J. Blakeslee, Melinda Abas, Daniela
Seifertova, Justyna Wisniewska, Zerihun Tadele, Martin Kube$, Milada Covanova, Pankaj
Dhonukshe, Petr Skiipa, Eva Benkovd, Lucie Perry, Pavel Kfecek, Ok Ran Lee, Gerald R. Fink,
Markus Geisler, Angus S. Murphy, Christian Luschnig, Eva Zazimalova, Jifi Friml
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This article is based on collaboration between Dr. Eva Zazimalova laboratory and several foreign
laboratories. Here we have showed the specific and rate-limiting function of PIN proteins in

cellular auxin efflux.

My contribution to this article was the transformation of BY-2 cells with GVG-ABCB19-HA
construct, characterization of cell lines including expression analyses (RT-PCR,
immunofluorescence localization and western blot) and auxin accumulation assays with
radiolabeled auxins (see Fig. 4A, B, C below). My main finding is that the ABCB19-mediated
NAA efflux was notably less sensitive to NPA compared to the PIN7-mediated auxin efflux.

Our part of this paper was supported by the Grant Agency of the Academy of Sciences of the

Czech Republic, project A6038303 and the Ministry of Education of the Czech Republic,
projectLC06034.
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REPORTS

mobility and yield a charge of 12 £ 2 ¢~ per tubulin
dimer under physiological conditions. This value
may be important to elucidate the effect of in
vivo electric forces on microtubules. Endogenous
physiological electric fields, with a typical value
up to 10° V/m, are shown to be involved in cell
division, wound healing (35), and embryonic cell
development (36), but their microscopic effect
has so far not been understood. The application
of biomotors in nanofabricated environments is
an exciting development, offering novel pos-
sibilities for future developments in lab-on-chip
sorting or purification applications.
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PIN Proteins Perform a Rate-Limiting
Function in Cellular Auxin Efflux
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Intercellular flow of the phytohormone auxin underpins multiple developmental processes in plants.
Plant-specific pin-formed (PIN) proteins and several phosphoglycoprotein (PGP) transporters are
crucial factors in auxin transport—related development, yet the molecular function of PINs remains
unknown. Here, we show that PINs mediate auxin efflux from mammalian and yeast cells without
needing additional plant-specific factors. Conditional gain-of-function alleles and quantitative
measurements of auxin accumulation in Arabidopsis and tobacco cultured cells revealed that the action
of PINs in auxin efflux is distinct from PGP, rate-limiting, specific to auxins, and sensitive to auxin
transport inhibitors. This suggests a direct involvement of PINs in catalyzing cellular auxin efflux.

uxin, a regulatory compound, plays a
major role in the spatial and temporal
coordination of plant development (/-3).
The directional active cell-to-cell transport con-
trols asymmetric auxin distribution, which un-
derlies multiple patterning and differential
growth processes (4-7). Genetic approaches in

Arabidopsis thaliana identified candidate genes
coding for regulators of auxin transport, among
them permease-like AUX1 (8), plant-specific
PIN proteins (9) (fig. S1), and homologs of hu-
man multiple drug resistance transporters PGP1
and PGP19 (10, 11). PGP1 has been shown to
mediate the efflux of auxin from Arabidopsis

protoplasts and heterologous systems such as
yeast and HeLa cells (/2). Similarly, PIN2 in
yeast conferred decreased retention of structural
auxin analogs (/3, 14). Plants defective in PIN
function show altered auxin distribution and
diverse developmental defects, all of which can
be phenocopied by chemical inhibition of auxin
efflux (1, 4-7, 9). All results demonstrate that
PINs are essential components of the auxin
transport machinery, but the exact mechanism
of their action remains unclear.

Studies of the molecular function of PINs
have been hampered mainly by the technical in-
ability to quantitatively assess auxin flow across
the plasma membrane (PM) in a multicellular
system. We therefore established Arabidopsis
cell suspension culture from the XVE-PINI line,
in which we placed the PINI sequence under
control of the estradiol-inducible promoter (15).
Treatment with estradiol led to the activation of
PINI expression as shown by the coexpressed
green fluorescent protein (GFP) reporter and
reverse transcription polymerase chain reaction
(RT-PCR) of PINI in seedlings (Fig. 1A) and
cultured cells (fig. S2). In estradiol-treated
XVE-PINI cells, the overexpressed PIN1 was
localized at the PM (Fig. 1, B and C). The syn-
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thetic auxin naphthalene-1-acetic acid (NAA)
enters cells easily by diffusion and is a poor sub-
strate for active uptake but an excellent substrate
for active efflux (/6). Therefore, change in ac-
cumulation of radioactively labeled NAA inside
cells provides a measure of the rate of auxin
efflux from cells. Untreated XVE-PINI cells as
well as nontransformed cells displayed [*HINAA
accumulation kinetics indicative of saturable
auxin efflux and sensitive to a well-established
(1, 9) noncompetitive inhibitor of auxin efflux:
I-naphthylphthalamic acid (NPA) (Fig. 1D).
Estradiol did not influence control cells but led to
substantial decrease of [’H]NAA accumulation in
XVE-PINI cells (Fig. 1, D and E). This
demonstrates that PIN1 overexpression leads
to the stimulation of efflux of auxin from
Arabidopsis cultured cells.

Arabidopsis cultured cells are not sufficiently
friable to be useful in transport assays. Instead,
we used tobacco BY-2 cells, a well-established
model for quantitative studies of cellular auxin
transport (/7). PIN7, the most representative
member of the subfamily including PIN1, PIN2,
PIN3, PIN4, PIN6, and PIN7 (fig. S1), was
placed under the control of a dexamethasone
(DEX)~inducible system (/8) and stably trans-
formed into BY-2 cells. The resulting line
(GVG-PIN7) showed up-regulation of PIN7 ex-
pression as early as 2 hours after DEX treat-
ment and the up-regulated PIN7 protein was
detected at the PM (Fig. 2A). Nontransformed
cells displayed saturable, NPA-sensitive [SH]NAA
efflux, which was unaffected by DEX (Fig. 2B).
Induction of expression of PIN7 or its close
(PIN4) and the most distant (PIN6) homologs
(fig. S1) resulted in a decrease in [*’H]NAA ac-
cumulation, to roughly half of the original level
(Fig. 2C). The kinetics of NAA efflux after the
initial loading of BY-2 cells (Fig. 2D), as well
as displacement curves using competitive
inhibition by nonlabeled NAA (fig. S3A),
clearly confirm that PIN7 overexpression stim-
ulates saturable efflux of auxin from cells. The
efflux of other auxins—such as synthetic 2,4-
dichlorophenoxyacetic acid (2,4-D) or natural-
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Fig. 1. PIN1-dependent auxin efflux in Arabidopsis cultured cells. (A) Up-regulation of PIN1
expression in XVE-PIN1 Arabidopsis seedlings after estradiol (EST) treatment (1 uM, 4 hours). The
expression of coupled GFP reporter (green) and RT-PCR of PIN1 [PGP19 expression was used as a
control (cont.)] are shown. Scale bars, 3 mm. (B and C€) Anti-PIN1 immunostaining (red) at the PM
of XVE-PINI cultured cells after EST treatment (1 uM, 24 hours) (C). There was no signal in the
untreated control (B). Nuclear counterstain is shown in blue. Scale bars, 10 um. (D) Auxin
accumulation in Arabidopsis wild-type cells. NPA (10 pM) increased [2HINAA accumulation inside
cells, demonstrating inhibition of auxin efflux. EST treatment (1 uM, 24 hours) had no effect on
[3HINAA accumulation. (E) [3H]NAA accumulation kinetics in XVE-PINI cells, demonstrating PIN1-
dependent stimulation of NAA efflux after PIN1 overexpression. Error bars show SEM (n = 4); where
error bars are not shown, the error was smaller than the symbols.

ly occurring indole-3-acetic acid (IAA), but not
its precursor tryptophan—was also stimulated
(Fig. 2, E and G). The PIN7-dependent efflux of
all auxins was NPA sensitive (Fig. 2G),
competitively inhibited by nonlabeled NAA,
and unaffected by the structurally related but
biologically inactive weak organic acid, benzoic
acid (BeA) (fig. S3B). Furthermore, the
increasing levels of induced PIN7, as achieved
with the use of different concentrations of DEX
for induction, and monitored by dot blot, clearly
correlated with the gradual increase in [PH]NAA
efflux (Fig. 2F). These data imply that different
PIN proteins are rate-limiting factors in NPA-
sensitive, saturable efflux of auxins from BY-2
cells. This similarity in the molecular function of
PINGs, together with the diversity in their regula-
tion, provides a basis for their complex func-
tional redundancy observed in planta (6, 19, 20).

The evidence from cultured cells shows that
PIN proteins are key rate-limiting factors in
cellular auxin efflux. This approach, however,
cannot distinguish whether PINs play a catalytic
role in auxin efflux or act as positive regulators
of endogenous plant auxin efflux catalysts. To
address this issue, we used a nonplant system:
Human HeLa cells contain neither PIN-related
genes nor auxin-related machinery and allow
efficient heterologous expression of functional
eukaryotic PM proteins (27). We transfected

HeLa cells with PIN7 and its more distant
homolog PIN2. Transfected cells showed strong
PIN expression (Fig. 3A), which resulted in a
substantial stimulation of net efflux of natural
auxin [*H]IAA, compared with empty vector
controls (Student’s ¢ test: P < 0.001) (Fig. 3B).
Efflux of [3H]BeA was also stimulated but to a
lesser extent. These data show that PIN proteins
are capable of stimulating cellular auxin efflux
in the heterologous HeLa cell system, albeit
with decreased substrate specificity.

To test the role of PIN proteins in another
evolutionarily distant nonplant system, we used
yeast (Saccharomyces cerevisiae). PIN2 and
PIN7 were expressed in yeast and showed local-
ization at the PM (Fig. 3A). Kinetics of relative
[P*H]IAA retention demonstrated that expression
of the PINs led to a substantial increase in IAA
efflux (Fig. 3C). Efflux assays in conjunction with
control experiments, including testing metabol-
ically less active yeast in the stationary phase, or
after glucose starvation (Fig. 3D), confirmed an
active PIN-dependent export of IAA and, to a
lesser extent, of BeA from yeast (Fig. 3C and fig.
S4B). To test the requirements of the subcel-
lular localization for PIN2 action in yeast, we
performed a mutagenesis of the PIN2 sequence
to isolate mistargeted mutants. One of the muta-
tions, which changed serine-97 to glycine
(pin2Gly97), led to the localization of pin2Gly97
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in intracellular compartments (Fig. 3A). When
tested in the [PH]IAA efflux assay (fig. S4A),
pin2Gly97 failed to mediate auxin efflux but rather
increased [3H]TAA accumulation inside cells (Fig.
3D). This shows that pin2Gly97 is still functional
but fails to mediate auxin efflux, suggesting
importance of PIN localization at PM. Overall,
the results suggest that in yeast as well, PM-
localized PIN proteins mediate, although with
decreased specificity, a saturable efflux of auxin.

A role in auxin efflux has also been reported
recently for PGP1 and, in particular, PGP19
proteins of Arabidopsis (12). PIN and PGP
proteins seem to have a comparable effect on
mediating auxin efflux in yeast and HeLa cells,
but the genetic interference with their function
in Arabidopsis has distinctive effects on devel-
opment. All aspects of the pin mutant pheno-
types can be mimicked by chemical interference
with auxin transport (-7, 9). In contrast, pgp1/
pgpl9 double mutants show strong but entirely

different defects (10, 11), which cannot be phe-
nocopied by auxin transport inhibitors.

To compare the roles of PINs and PGPs in
auxin efflux, we constructed the GVG-PGP19:HA
(hemagglutinin) cell line of BY-2. DEX treat-
ment led to the up-regulation of PGP19:HA pro-
tein, which was detected at the PM (Fig. 4A), and
to a decrease in [PH]NAA accumulation, similar
to that observed in the GVG-PIN4, GVG-PING,
and GVG-PIN?7 lines (Fig. 4B, compare with Fig.
2C). BeA did not interfere with [PH[NAA ac-
cumulation and [*H]Trp accumulation did not
change after DEX treatment. However, compared
with PIN-mediated auxin efflux, the PGP19-
mediated NAA efflux was notably less sensitive
to NPA. Whereas PIN-mediated transport was
completely inhibited by NPA, about 20% of
PGP19-dependent transport was NPA insensitive
(Fig. 4C).

To address whether PIN action in planta
requires PGP1 and PGP19 proteins, we analyzed

levels of PIN7 in GVG-PIN7 cells, as determined by dot blot (top) and to
concomitant decrease of [BHINAA accumulation. (G) NPA inhibition of both
endogenous and PIN7-dependent efflux of [3H]INAA, [3H]2,4-D, and
[3H]IAA. PIN7 overexpression or NPA treatment did not affect accumulation
of related compound, [3H]Trp. Open bars, noninduced cells; gray bars,
induced cells. For all experiments, error bars show SEM (n = 4); where error
bars are not shown, the error was smaller than the symbols.

effects of PIN1 overexpression on plant devel-
opment in pgpl/pgpl9 double mutants. PIN1
overexpression in XVE-PINI led to pronounced
defects in root gravitropism, which could be
detected within 4 hours after estradiol treat-
ment. Quantitative evaluation of reorientation
of root growth revealed that PIN1 overexpres-
sion in pgpl/pgpl9 had the same effects (Fig.
4D). These data show that PIN1 action on plant
development does not strictly require function
of PGP1 and PGP19 proteins, and they suggest
that PINs and PGPs molecularly characterize
distinct auxin transport systems. This is also
supported by evidence that PIN2 mediates
auxin efflux in yeast, which is known to lack
homologs to Arabidopsis PGP proteins (21). It
is still unclear whether these two auxin trans-
port machineries act in planta entirely indepen-
dently or in a coordinated fashion.
Rate-limiting, saturable, and specific action
of PIN proteins in mediating auxin movement
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across the PM out of plant cells largely clar-
ifies a role of PIN proteins in intercellular auxin
transport. Furthermore, the polar, subcellular

PIN localization provides a vectorial compon

to the directional auxin flow (22). Therefore,
transport function of PINs together with their

asymmetric subcellular localization defines

rectional local auxin distribution underlying

different developmental processes.
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Oceanographic Basis of the
Global Surface Distribution of
Prochloroecoccus Ecotypes
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By using data collected during a continuous circumnavigation of the Southern Hemisphere, we
observed clear patterns in the population-genetic structure of Prochlorococcus, the most abundant
photosynthetic organism on Earth, between and within the three Southern Subtropical Gyres.

The same mechanisms that were previously invoked to account for the vertical distribution of
ecotypes at local scales accounted for the global (horizontal) patterns we observed. Basin-scale and
seasonal variations in the structure and strength of vertical stratification provide a basis for
understanding large-scale horizontal distribution in genetic and physiological traits of
Prochlorococcus, and perhaps of marine microbial communities in general.

rochlorococcus is the smallest and most
P abundant phytoplankter in the global

ocean and contributes significantly to
the primary productivity of tropical and subtrop-
ical oceans (/). That the genus thrives through-
out a wide range of photic zone conditions has
been explained by the discovery of genetically
and physiologically distinct populations, com-
monly referred to as high light (HL)- and low
light (LL)-adapted ecotypes (2). Prochlorococ-
cus ecotypes partition themselves according to
depth in a stratified water column (3); however,
the coexistence of multiple ecotypes (2) and
phylotypes (4-6) has also been reported and
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attributed to vertical mixing in response to local
physical forcing. But the effect of physical forc-
ing on Prochlorococcus ecotypes at the global
scale has not been explored. By using data col-
lected during a circumnavigation of the Southern
Hemisphere, we investigated whether the genetic
structure of Prochlorococcus populations changes
in response to vertical mixing within and be-
tween the major ocean basins of the world.
Samples were collected during the Blue
Earth Global Expedition (BEAGLE) (Fig. 1A).
The 7-month expedition spanned the southern
Pacific (winter), Atlantic (late spring), and
Indian (summer) Oceans (7); covered several
biogeochemical provinces (8); and provided a
rare opportunity to study physical forcing of
phytoplankton at the global scale. We used the
depth of the surface mixed layer (z,) and the
strength of the vertical density gradient (V) as
indicators of the physical state of the water
column (9). The three ocean basins differed
markedly in these properties (Fig. 1B). The
basin-scale variations in the vertical structure
of the water column observed in the BEAGLE
data are partly due to seasonal and latitudinal
differences in the sampling of the three ocean
basins. Mixed-layer—depth climatology reveals
strong seasonality in z_, with high values of z_
occurring during the Austral winter in all three
ocean basins, and relatively uniform and shal-
low z_ values in the summer months (fig. S1).

However, differences among basins are also
found. Thus, spatial differences in vertical
mixing as indexed by z_ observed during the
BEAGLE have a seasonal as well as a geo-
graphical component.

Prochlorococcus cell abundance was deter-
mined by flow cytometry, and the concentration
of divinyl chlorophyll a (DV Chla), a pigment
marker for this genus, was measured by high
performance liquid chromatography (HPLC). A
clear difference between the geographic pat-
terns of these two indices of abundance was
found (Fig. 2A). Prochlorococcus abundance
has a minimum in the well-mixed, mesotrophic
waters of the Western Pacific Basin and a
maximum in the strongly stratified oligotrophic
waters of the Indian Ocean, a pattern that is
consistent with our current understanding of the
distribution of this genus (/, /0, /7). However,
the concentration of divinyl chlorophyll a is
high in the Pacific Basin (except near 140°W)
and low in the Atlantic and Indian Basins. This
is perhaps counterintuitive; it can be explained
as follows. Because all samples were collected
within the top 10 m of the water column,
vertical mixing would be an important mecha-
nism altering the growth conditions (light and
nutrients) of the phytoplankton cells. Thus, the
high divinyl chlorophyll a concentrations in the
Pacific may arise from photoacclimatory (phys-
iological) or photoadaptive (genetic) response
of the cells to a decrease in mean light in-
tensity. Basin-scale patterns in the intracellular
concentration of divinyl chlorophyll a (C,) for
Prochlorococcus are evident (Fig. 2B), with
low C, values observed in the strongly stratified
Indian Ocean during the summer (averaging
0.14 fg DV Chla per cell), consistent with those
found in the surface waters of the subtropical
North Atlantic (/2), and high values observed
in the well-mixed Archipelagic Deep Basins
Province (8) during the winter (averaging 1.00
fg DV Chla per cell), similar to those typically
found deeper in the water column in subtropical
gyres (12).

Because light decreases exponentially with
depth, phytoplankton cells mixed deeper in the
water column would experience a lower mean
daily irradiance than if they remained at the sea
surface. Phytoplankton respond to this reduction
in irradiance by increasing the concentration of
pigment per cell. An inverse relation between C,
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Supporting online material

Materials and Methods

Plant material, gene constructs, transformation and inducible expression

Arabidopsis seedlings were grown at a 16 hours light/8 hours dark cycle at 18-25 °C on 0.5
x MS with sucrose as described (1). The XVE-PIN1 (Col-0) transgenic plants were obtained
by introducing the pgio-00::XVE activator and the LexA::PIN1; LexA::GFP reporter
constructs (2, 3) into pinl-7 mutant line. This line was crossed with pgplpgpl9 double
mutant (4) to generate XVE-PIN1/pgplpgpl9 line. The XVE-PIN1 construct was generated
using PIN1 cDNA (GenBank accession number AF089084). GVG-PIN4,6,7 constructs
were generated by inserting the corresponding cDNAs (PIN4: AF087016, PING:
AF087819, PIN7: AF087820) into the pTA7002 vector (5). GVG-PGP19:HA construct was
generated by introducing the full length genomic fragment of PGP19 (locus name
At3g28860) with C-terminal hemaglutinin tag (HA) into pTA7002 vector (5).

Cell suspension from XVE-PIN1 Arabidopsis line was established from calli induced on
young leaves (6) and grown in liquid MS medium containing 1 uM 2,4-D. BY-2 tobacco
cells (Nicotiana tabacum L., cv. Bright Yellow 2, (7)) were grown as described (8) and
stably transformed by co-cultivation with Agrobacterium (8). Transgenic tobacco cells and
calli were maintained on the media supplemented with 40 pg ml™" hygromycin and 100 pg
ml™ cefotaxim. Expression of PIN and PGP genes in tobacco cells was induced by the

addition of dexamethasone (DEX, 1 uM, 24 hours, except for stated otherwise) at the



beginning of the subcultivation period. The same approach was used for Arabidopsis cell
culture, where 1 uM B-Estradiol (EST) was added. Both DEX and EST were added from

stock solutions in DMSO (200 pM), appropriate volume of DMSO was added in controls.

Expression and localization analysis

Tobacco and Arabidopsis RNA was isolated using the Plant RNA Qiagen Mini-Prep and
RT-PCR performed using Qiagen® OneStep RT-PCR or Invitrogen SuperSriptII kits
according to the manufacturer's protocols.

Total protein fraction from GVG-PGP19 tobacco cells was obtained after homogenization
in liquid nitrogen using mortar and pestle. The frozen powder was then mixed with an equal
volume of extraction buffer (50 mM Tris-HCI, pH 6.8; 2 % SDS; 36 % w/v urea; 30 % v/v
glycerol; 5 % v/v mercaptoethanol; 0,5 % w/v Bromphenol Blue), vortexed for 1 min,
boiled for 3 min, and centrifuged at 13,000 rpm and 4°C for 5 min. The supernatant was
transferred into a new tube and re-centrifuged at 13,000 rpm and 4°C for 5 min. The
resulting supernatant was defined as total protein extract and stored at —20°C until use.
Microsomal protein fraction from GVG-PIN7 tobacco cells was used for immunoblot
analysis of PIN7 protein. Briefly, cells were homogenized by sonication in extraction buffer
(50mM Tris pH 6.8; 5% (v/v) glycerol; 1.5% (w/v) insoluble polyvinylpolypyrrolidone;
150mM KCI; 5mM Na EDTA; SmM Na EGTA; 50mM NaF; 20mM beta-glycerol
phosphate; 0.5% (v/v) solubilized casein, ImM benzamidine; ImM PMSF; 1pg/ml
pepstatin; 1pg/ml leupeptin; 1pg/ml aprotinin; 1 Roche Complete Mini Protease Inhibitor
tablet per 10ml). After centrifugation at 3,800 x g for 20 minutes, the supernatant was

filtered through nylon mesh and spun again at 3,800 x g. The supernatant was centrifuged



at 100,000 x g for 90 min. The resulting pellet was homogenized and re-suspended in
buffer containing S0mM Tris pH 7.5; 20% glycerol; 2mM EGTA; 2mM EDTA; 50-500uM
DTE; 10pg/ml solubilized casein and protease inhibitors as in the extraction buffer. Equal
amounts of protein (about 10pg) were heated at 60°C for 40 min in sample buffer (3%
(w/v) SDS; 40mM DTE; 180mM Tris pH 6.8; 8M urea), and transferred on PVDF
membrane using dot-blot (SCIE-PLAS, U.K.) or semi-dry electro-blot. Primary rabbit
polyclonal anti-PIN7 antibody (10) or mouse monoclonal anti-HA antibody (Sigma)
followed by secondary HRP-conjugated anti-rabbit antibody and ECL detection kit
(Amersham Biosciences, U.K.) were used for dot or western blot analysis.

Indirect immunofluorescence method was used for immunolocalizations in Arabidopsis cell
suspension (11) and BY-2 cells (8). Briefly, Arabidopsis cells were fixed for 30 min at
room temperature with 4% (w/v) paraformaldehyde in 0.1 M PIPES, pH 6.8, 5 mM EGTA,
2 mM MgCl,, and 0.4% (w/v) Triton X-100. Cells were then treated with the solution of
0.8% (w/v) macerozyme R-10 and 0.2% (w/v) pectolyase Y-23 in 0.4 M mannitol, 5 mM
EGTA, 15 mM MES, pH 5.0, 1 mM PMSF, 10 pg/ml of leupeptin, and 10 pg/ml of
pepstatin A. Then the cells were washed in PBS buffer and attached to poly-L-lysine coated
coverslips and incubated for 30 min in 1% (w/v) BSA in PBS and incubated for 1 h with
primary antibody. The specimens were then washed three times for 10 min in PBS and
incubated for 1 h with secondary antibody. Coverslips with cells were carefully washed in
PBS, rinsed with water with Hoechst 33258 (0,1pg/ml) and embedded in Mowiol
(Polysciences) solution.

Tobacco BY-2 cells were pre-fixed 30 min in 100 pM MBS and 30 min in 3.7% (w/v) PFA

in buffer consisting of 50 mM PIPES, 2 mM EGTA, 2 mM MgSOy, pH 6.9, at 25°C and



subsequently in 3.7% (w/v) PFA and 1% Triton X-100 (w/v) in stabilizing buffer for 20
minutes. After treatment with an enzyme solution (1% (w/v) macerozyme and 0.2% (w/v)
pectinase) for 7 min at 25°C and 20 minutes in ice cold methanol (at -20°C), the cells were
attached to poly-L-lysine coated coverslips and treated with 1% (w/v) Triton X-100 in
microtubule stabilizing buffer for 20 minutes. Then the cells were treated with 0.5% (w/v)
bovine serum albumin in PBS and incubated with primary antibody for 45 minutes at 25°C.
After washing with PBS, a secondary antibody in PBS was applied for 1 h at 25°C.
Coverslips with cells were carefully washed in PBS, rinsed with water with Hoechst 33258
(0,1pg/ml) and embedded in Mowiol (Polysciences) solution.

The following antibodies and dilutions were used: anti- PIN1 (13, 1: 500), anti-PIN7 (10,
1:500), anti-HA (Sigma-Aldrich; 1:500), TRITC- (Sigma-Aldrich; 1:200), FITC- (Sigma-
Aldrich; 1:200) anti-rabbit secondary antibodies. PIN immunostaining in yeast and HeLa
cells was performed as described (13, 14).

All preparations were observed using an epifluorescence microscope (Nikon Eclipse E600)
equipped with appropriate filter sets, DIC optics, monochrome integrating CCD camera

(COHU 4910, USA) or colour digital camera (DVC 1310C, USA).

Quantitative analysis of root gravitropism

5 days old seedlings of WT-Col, pgplpgpl9, XVE-PIN1 and XVE-PIN 1/pgplpgpl9 lines
grown vertically were transferred on new MS plates containing 4 uM [-estradiol for 12
hours. Seedlings were then stretched and plates turned through 135° for additional 12 hour
gravity stimulation in dark. The angle of root tips from the vertical plane was measured

using ImagelJ software (NIH, USA). All gravistimulated roots were assigned to one of the



eight 45° sectors on gravitropism diagram. The length of bars represents the percentage of

seedlings showing respective direction of root growth.

Auxin accumulation assays in plant, HeLa and yeast cells

Auxin accumulation experiments in suspension-cultured tobacco BY-2 cells were
performed and the integrity of labeled auxins during the assay was checked exactly as
described (15, 8, 12). The same protocol was used for suspension-cultured Arabidopsis
cells. Labeled [3H]IAA, [3H]2,4-D and [3H]Trp (specific activities 20 Ci/mmol, American
Radiolabeled Chemicals, St. Louis, MO), and ["TH]NAA (specific radioactivity 25 Ci/mmol,
Institute of Experimental Botany, Prague, Czech Republic) were used. Briefly, the
accumulation was measured in 0.5-mL aliquots of cell suspension. Each cell suspension
was filtered, resuspended in uptake buffer (20 mM MES, 40 mM Suc, and 0.5 mM CaSOy,
pH adjusted to 5.7 with KOH), and equilibrated for 45 min with continuous orbital shaking.
Equilibrated cells were collected by filtration, resuspended in fresh uptake buffer, and
incubated on the orbital shaker for 1.5 h in darkness at 25°C. [3H]NAA was added to the
cell suspension to give a final concentration of 2 nM. After a timed uptake period, 0.5-mL
aliquots of suspension were withdrawn and accumulation of label was terminated by rapid
filtration under reduced pressure on 22-mm-diameter cellulose filters. The cell cakes and
filters were transferred to scintillation vials, extracted in ethanol for 30 min, and
radioactivity was determined by liquid scintillation counting (Packard Tri-Carb 2900TR
scintillation counter, Packard Instrument Co., Meriden, CT). Counts were corrected for
surface radioactivity by subtracting counts obtained for aliquots of cells collected

immediately after the addition of "H]NAA. Counting efficiency was determined by



automatic external standardization, and counts were corrected automatically. NPA was
added as required from ethanolic stock solutions to give the appropriate final concentration.
The concentration dependence of auxin accumulation in response to NPA or BFA was
determined after a 20-min uptake period. For wash out experiments cells were loaded with
[PHINAA (2 nM) for 30 min. After quick wash out, cells were re-suspended in fresh
loading buffer but without [’H]NAA; cell density before and after wash out was maintained
the same. Relative NAA retention was measured as a radioactivity retained inside cells at
particular time points after wash out and expressed as % of total radioactivity retained
inside the cells just before wash out. The accumulation of various auxins or structurally
related inactive compound (Trp) after induction of PIN or PGP expression was expressed
together with SEs as the percentage of the accumulation of non-induced cells at time 30
min after application of respective labelled compound. If not indicated otherwise, 24 hours
treatments with dexamethasone (1 uM) or -estradiol (1 uM) were performed. Different
sensitivities of PIN7- and PGP19-dependent [3H]NAA efflux to NPA treatment (10 uM, 20
min) in GVG-PIN7 and GVG-PGP19:HA cells was determined as the average value from
three independent experiments. In each, the accumulation of [’H]NAA was measured in
NPA-treated induced and non-induced cells and scored after 20 minutes of incubation. The
increase in the accumulation of [3H]NAA upon NPA treatment in non-induced cells was
considered as 100% and all other values expressed as the percentage of this increase.

The transient vaccinia expression system was used to transfect HeLa cells with PIN1:HA,
PIN2:HA, and PIN7:HA in 6-well plates. The expression was verified by RT-PCR and
western blot analysis. Auxin transport assays were performed exactly as described (16, 14).

16-24h after transfection cells were washed and incubated 40 min at 37°C, 5% CO, with



[3 H]IAA (26 Ci/mmol, Amersham Biosciences, Piscataway, NJ), or [3 H]BeA (20 Ci/mmol,
American Radiolabeled Chemicals, St. Louis, MO). After incubation, cells were harvested,
and retained radiolabeled substrate was quantitated. Net efflux is expressed as dpm/500,000
cells divided by the amount of auxin retained by cells transformed with empty vector minus
the amount of auxin retained by cells transformed with gene of interest. Thus, the PIN-
dependent decrease in retention is presented as positive efflux value expressed as means
(n=3) with standard deviations. Cell viability after treatment was confirmed visually and
via cell counting.

For auxin accumulation and growth assays in yeast, PIN2, PIN7 or PIN2:HA were
expressed in S. cerevisiae strains gefl (13) and JK93da or yapl-1 (17). The expression was
verified by western blot analysis or immunolocalization. Export of [’HJIAA (specific
activity 20 Ci/mmol, American Radiolabeled Chemicals, St. Louis, MO) and ["*C]BeA (53
mCi/mmol, Moravek Biochemicals, Brea, CA) and growth assays were performed exactly
as described (17, 14). The effluent species was determined by thin-layer chromatography of
aliquots of exported [3H]IAA (Supplementary fig. S4a) and images were taken using a
phosphoimager (Cyclone, Packard Instruments) and by UV detection using [’HJIAA as
standard. Yeast viability before and after transport experiments was ascertained by light

microscopy.
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fig. S1 Arabidopsis PIN genes family.

Phylogenetic tree of 8 Arabidopsis PIN genes. Phenotypes of loss-of-function mutants in
PIN1, PIN2, PIN3, PIN4 and PIN7 clearly suggest role in polar auxin transport and they all
can be phenocopied by inhibitors of auxin transport (18). PIN6 remains functionally
uncharacterized. PINS and PINS lack the middle hydrophilic domain and seem to by
functionally distinct (19). Based on homology, PIN7 is the most typical member of PIN
family forming a distinct homologous subclade with PIN3 and PIN4. PING, on the other
hand, is the least homologous PIN from the PIN1,2,3,4,6,7 subfamily. PIN1, PIN4, PIN6
and PIN7 (respective genes encircled in green) have been shown here to mediate auxin
efflux in planta. PIN2 and PIN7 (genes underlined) show auxin efflux activity in
heterologous systems. Notably, the confirmed expression of PIN1 in HeLa or yeast cells
did not result in increased auxin efflux suggesting, in contrast to PIN2 and PIN7, that either
PIN1 loses its functionality, when expressed in heterologous system, or distinctively PIN1

requires plant-specific factor(s) to mediate its function in auxin efflux.
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fig. S2 The expression of PIN1 in XVE-PIN1 Arabidopsis cultured cells

(A) RT-PCR of PIN1 in non-induced and B-estradiol-induced (1 uM, 24h) cells. (B, C) The
activation of expression verified by the fluorescence of co-expressed GFP reporter.
Compare the autofluorescence of cell walls in non-induced cells (B) with GFP fluorescence

after 24 h incubation in 1 uM [B-estradiol (C). Scale bars 30um.
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fig. S3 Auxin accumulation in GVG-PIN7 BY-2 cells

(A) Displacement curve: The competitive inhibitory effect of cold (non-labeled) NAA on

Inhibition of PIN-dependent auxin efflux

in GVG-PIN7 tobacco cells
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the accumulation of [’H]JIAA in non-induced and induced GVG-PIN7 cells. (B) Effects of

NAA and benzoic acid (BeA) on efflux of different auxins in DEX-treated (induced, full

bars) and non-induced (open bars) GVG-PIN7 cells. NAA (10 uM), a good substrate for

auxin efflux machinery, interferes with both endogenous and PIN7-dependent efflux of
[PHINAA, [’H]2,4-D and [’HJIAA in non-induced and induced GVG-PIN7 cells,

respectively. In contrast, structurally similar but inactive BeA (10 uM) does not have any

detectable effect in the same experimental system.
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fig. S4 Control experiments for auxin efflux assays in yeast.

(A) The effluent species in yeast were determined to be ["TH]IAA by thin layer
chromatography (lane 2). Non-exported ["H]IAA was used as the standard which itself was
verified by UV detection (lane 1). Images were taken using a phosphoimager (Cyclone,
Packard Instruments) and by UV detection using [’HJIAA as the standard. The integrity of
exported ["H]IAA in this assay was also proved by MS-MS, as described elsewhere (14).

(B) PIN2-expressing yeast show increased net efflux of ['*C]benzoic acid (['*C]BeA)



compared to empty vector controls. ['*C]BeA (53 mCi/mmol, Moravek Biochemicals,

Brea, CA) was used and transport experiments were performed exactly as described (14).



Supporting references and notes

1. E. Benkova et al., Cell 115, 591 (2003).

2. P.J. Jensen, R. P. Hangarter, M. Estelle, Plant. Physiol. 116, 455 (1998).

3. J. Zuo., Q.W. Niu, N.H. Chua, Plant J. 24, 265 (2000).

4. B. Noh, A.S. Murphy, E.P. Spalding Plant Cell 13, 2441 (2001).

5. T. Aoyama, N. H. Chua, Plant J. 11, 605 (1997).

6. J. Mathur, C. Koncz, in Methods in Molecular Biology: Arabidopsis Protocols, J.M.
Martinez-Zapater, J. Salinas, Eds. (Humana Press, Totowa, New Jersey, 1998), vol. 82,

pp. 27-30.

3

. T. Nagata, Y. Nemoto, S. Hasezawa, Int. Rev. Cytol. 132, 1 (1992).

8. J. Petrasek et al., Plant Physiol. 131, 254 (2003).

9. A. Miiller, EMBO J. 17, 6903 (1998).

10. J. Friml et al., Nature 426, 147 (2003).

11. A. P. Smertenko et al., Plant Cell 16, 2035 (2004).

12. T. Paciorek et al., Nature 435, 1251 (2005).

13. C. Luschnig, R. A. Gaxiola, P. Grisafi, G. R. Fink Genes Dev. 12, 2175 (1998).
14. M. Geisler et al., Plant J. 44, 179 (2005).

15. A. Delbarre, P. Muller, V. Imhoff, J. Guern Planta 198, 532 (1996).

16. C. A. Hrycyna, Biochemistry 38, 13887 (1999).

17. R. Prusty, P. Grisafi, G. R. Fink, Proc. Natl. Acad. Sci. USA 101, 4153 (2004).
18. J. Friml, J. Wisniewska, in: Annual Plant Reviews, Intercellular Communication in

Plants, A Fleming, Ed. (Blackwell Publishing, Oxford, UK, 2005), vol. 16, pp. 1-26.



19. 1. A. Paponov, W. D. Teale, M. Trebar, I. Blilou, K. Palme, Trends Plant Sci. 10, 170

(2005).



6.2. Chapter 2 - Interaction of PIN and PGP transport mechanisms in auxin distribution-

dependent development
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This paper is based on collaboration between Dr. Jifi Friml and Dr. Eva Zazimalova laboratories.
Here, we have analyzed the importance of the functional interaction between PIN- and

ABCB/PGP-dependent auxin transport in plant development.

My contribution to this article was in the characterization of PIN- and ABCB/PGP-mediated
auxin efflux at the cellular level. For this comparison I used DEX-inducible BY-2 cell lines

GVG-ABCB19-HA and GVG-PIN7.

To find out how increased auxin efflux influences cellular behaviour of BY-2 cells, I examined
the growth and morphology of DEX-treated and untreated cells in these two cell lines. After
induction of PIN7 or ABCB19-HA expression, identical phenotypical changes occurred: cells
ceased to divide, started to elongate, and formed and accumulated starch granules. Importantly,
this cellular behaviour could be mimicked by cultivation of cells in medium with a decreased
amount of auxin or no auxin (see Fig. S1E -G in the supplementary material). All phenotypic
changes induced by overexpression of PIN7 in the GVG-PIN7 line were completely reversed by
application of the auxin efflux inhibitor NPA (Fig. 1C, G; see Fig. S1J, K in the supplementary
material). By contrast, after induction of ABCB19-HA expression in the GVG-ABCB19-HA
line, NPA treatment was ineffective in rescuing auxin starvation phenotypes (Fig. 1F, G; see Fig.

S1J, K in the supplementary material).
Our part of this paper was supported by the Ministry of Education, Youth and Sports of the

Czech Republic, project LC06034 and by the Grant Agency of the Academy of Sciences of the
Czech Republic (KJB600380604).
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Interaction of PIN and PGP transport mechanisms in auxin
distribution-dependent development

Jozef Mravec'?, Martin Kube§34

, Agnieszka Bielach'?, Vassilena Gaykova?, Jan Petrasek>*, Petr Skapa3*,

Suresh Chand?, Eva Benkova'?, Eva Zazimalova3 and Jifi Friml1-2*

The signalling molecule auxin controls plant morphogenesis via its activity gradients, which are produced by intercellular auxin
transport. Cellular auxin efflux is the rate-limiting step in this process and depends on PIN and phosphoglycoprotein (PGP) auxin
transporters. Mutual roles for these proteins in auxin transport are unclear, as is the significance of their interactions for plant
development. Here, we have analysed the importance of the functional interaction between PIN- and PGP-dependent auxin
transport in development. We show by analysis of inducible overexpression lines that PINs and PGPs define distinct auxin transport
mechanisms: both mediate auxin efflux but they play diverse developmental roles. Components of both systems are expressed
during embryogenesis, organogenesis and tropisms, and they interact genetically in both synergistic and antagonistic fashions. A
concerted action of PIN- and PGP-dependent efflux systems is required for asymmetric auxin distribution during these processes. We
propose a model in which PGP-mediated efflux controls auxin levels in auxin channel-forming cells and, thus, auxin availability for

PIN-dependent vectorial auxin movement.

KEY WORDS: PGP, PIN, Auxin transport, Embryogenesis, Organogenesis, Tropisms

INTRODUCTION

Directional (polar) transport of the signalling molecule auxin
between cells is a plant-specific form of developmental regulation.
Transport-based asymmetric auxin distribution within tissues (auxin
gradients) plays an important role in many developmental processes,
including patterning and tropisms (reviewed by Tanaka et al., 2006).
Because the auxin molecule is charged inside cells and, thus,
membrane impermeable, its intercellular transport relies on carrier-
mediated cellular influx and efflux (reviewed by Kerr and Bennett,
2007; Vieten et al., 2007). Genetic approaches in Arabidopsis
thaliana have identified two groups of proteins that are involved in
auxin export from cells: PIN-FORMED (PIN) proteins and several
ABC transporter-like phosphoglycoproteins (PGPs) (reviewed by
Bandyopadhyay et al., 2007; Vieten et al., 2007).

The PIN protein family consists of plant-specific integral plasma
membrane proteins that have been identified based on mutants
defective in organogenesis (pin-formedl or pinl) (Okada et al.,
1991; Galweiler et al., 1998) and tropism (pin2/agr1/eirl) (Luschnig
et al., 1998). The Arabidopsis genome encodes eight PIN-related
sequences, most of which have been already characterized at cellular
and developmental levels (reviewed by Vieten et al., 2007;
Zazimalova et al., 2007). PIN proteins are expressed in different
parts of the plant and are almost universally required for all aspects
of auxin-related plant development, including embryogenesis (Friml
et al., 2003), organogenesis (Benkova et al., 2003; Reinhardt et al.,
2003), root meristem patterning and activity (Friml et al., 2002a;
Blilou et al., 2005), tissue differentiation and regeneration (Scarpella
et al., 2006; Xu et al., 2006; Sauer et al., 2006a), and tropisms
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(Luschnig et al., 1998; Friml et al., 2002b). Most phenotypic
aberrations in pin loss-of-function alleles can be phenocopied by
external application of auxin efflux inhibitors, such as 1-
naphthylphthalamic acid (NPA) (Tanaka et al., 2006). When
expressed in plant and non-plant cultured cells, PIN proteins
perform a rate-limiting function in cellular auxin efflux (Petrasek et
al., 2006). Importantly, PIN proteins show distinct polar subcellular
localization that determines auxin flux direction, as predicted by
classical models of directional auxin transport (Wisniewska et al.,
2006). The dynamic regulation of the intracellular movement of
PINs, their polar targeting and their protein stability provides a
means to regulate directional throughput of auxin flow (Friml et al.,
2004; Paciorek et al., 2005; Abas et al., 2006; Michniewicz et al.,
2007). Moreover, the PIN-dependent auxin distribution network
involves redundancy and auxin-mediated crossregulation of PIN
expression and PIN targeting (Sauer et al., 2006a; Blilou et al., 2005;
Vieten et al., 2005). A crucial role for PIN-dependent auxin efflux
in generation of morphogenetic asymmetric auxin distribution has
recently been suggested by mathematical modelling (Grieneisen et
al., 2007).

Plant orthologues of the mammalian multidrug-resistance
proteins (Martinoia et al., 2002; Verrier et al., 2008) PGP1 (ABCBI1)
and PGP19 (MDR1/ABCB19), similarly to PIN proteins, have been
shown to perform cellular auxin efflux in both plant and
heterologous systems; accordingly, basipetal auxin transport is
decreased in pgp! and pgp19 mutants (Noh et al., 2001; Geisler et
al., 2005; Petrasek et al., 2006). In addition, these proteins bind
auxin efflux inhibitors, such as NPA (Murphy et al., 2002).
Phenotypic defects caused by loss of PGP function are most
pronounced in vegetative organs and include dwarfism, curly
wrinkled leaves, twisted stems and reduced apical dominance,
supporting their role in auxin-based development (reviewed by
Bandyopadhyay et al., 2007). However, expression, localization and
roles of PGPs in patterning processes are less characterized
compared with PINs. The cellular localization of PGPs is mainly
apolar, but instances of asymmetric cellular distribution have been
reported (Geisler et al., 2005; Blakeslee et al., 2007; Wu et al., 2007).
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Important questions in auxin research relate to the roles of these
two types of auxin efflux proteins in auxin transport. Do they
represent independent mechanisms? What would be the functional
requirements for two distinct transport systems? Do they cooperate
and how? The only partial colocalization of PINs and PGPs at the
plasma membrane and the difference in the corresponding mutant
phenotypes favours a scenario in which PGPs and PINs have
independent functions. Nevertheless, recent biochemical studies
have demonstrated an interaction between PIN and PGP proteins
that is functionally relevant in heterologous systems, because it
influences the rate of efflux, its substrate specificity and its
sensitivity to inhibitors (Blakeslee et al., 2007; Bandyopadhyay et
al., 2007). However, the relevance of the interaction between PINs
and PGPs in planta and, eventually, in asymmetric auxin
distribution, remains unclear.

Here, we present evidence that PINs and PGPs define
independent auxin transport mechanisms that cooperate to mediate
auxin distribution-mediated development during embryogenesis,
organogenesis and root gravitropism. Our data suggest a model for
how non-polar auxin efflux mediated by PGPs is linked with
vectorial transport driven predominantly by PIN.

MATERIALS AND METHODS

Plant material and DNA constructs

We used wild-type Arabidopsis thaliana plants of ecotypes Wassilewskija
(Ws) and Columbia (Col-0); mutants pgp1, pgp19, pgplpgp19 (Noh et al.,
2001), pinlpgplpgpl9 (Blakeslee et al., 2007), pinl-1 (Okada et al., 1991),
pinl-3XDR5rev::GFP (R zi kaetal.,2007), renl-1 (Garbers et al., 1996),
eirl-3 (Luschnig et al., 1998), eirlpgpipgp19 (Blakeslee et al., 2007); and
transgenic lines DR5::GUS (Sabatini et al., 1999), DR5rev::GFP (Friml et
al., 2003), XVE-PINI (Petrasek et al., 2006), pPGP1::PGPI-myc and
pPGP19::PGP19-HA (Blakeslee et al., 2007). pPGP1::PGP1-myc was
generated as previously described for pPGP19::PGP19-HA (Blakeslee et
al., 2007). For pPGP19::PGP19-GFP and pPGPI::PGPI-GFP, tag
sequences in pPGP19::PGP19-HA and pPGP1::PGPI-myc, respectively
(Blakeslee et al., 2007), were replaced by an enhanced green fluorescent
protein (GFP) sequence to create C-terminal fusion constructs and was
transformed to pgp19 or pgpI mutants. The pGVG-PGP1-myc and pGVG-
PGP19-HA plasmids were constructed by cloning the whole genomic
coding region of PGP and PGP19 genes fused with the respective tag by
primer extension PCR to pTA7002 (Aoyama and Chua, 1997), and
transformed to the UAS::GUS (Weijers et al., 2003) line. Fifteen
independent transgenic lines were analysed for each construct.

Growth conditions

Arabidopsis plants were grown in a growth chamber under long-day
conditions (16 hours light/8 hours dark) at 18-23°C. Seeds were sterilized
with chlorine gas or ethanol, and stratified for 2 days at 4°C. Seedlings were
grown vertically on half Murashige and Skoog medium with 1% sucrose and
supplemented with 5 pumol/l NPA, 4 umol/l B-estradiol (EST) or 5 umol/l
dexamethasone (DEX). Drugs were purchased from Sigma-Aldrich (St
Louis, MO, USA).

BY-2 cell lines

The transgenic lines GVG-PIN4, GVG-PING6, GVG-PIN7, GVG-PGP19-HA
and pPINI::PINI-GFP (Petrasek et al., 2006; Benkova et al., 2003) of
Nicotiana tabacum Bright Yellow-2 (BY-2) cells (Nagata et al., 1992) were
grown as described (Petrasek et al., 2006). Expression of PIN7 and PGP19
was induced by the addition of 1 uM DEX at the beginning of
subcultivation. For the NPA effect, 10 uM NPA was added together with
DEX. For microscopy, an Eclipse E600 microscope (Nikon, Tokyo, Japan)
and a colour digital camera 1310C (DVC, Austin, TX, USA) were used.
Reciprocal plots of cell size distribution represent individual cell lengths and
diameters measured by LUCIA image analysis software (Laboratory
Imaging, Prague, Czech Republic). At least 170 cells in total were measured
on five optical fields for each variant.

Immunotechniques and microscopy

Arabidopsis embryos and roots were stained immunologically as described
(Sauer et al., 2006b). The antibodies used were anti-PIN1 (Paciorek et al.,
2005) (1:1000), anti-c-myc (1:500) from rabbit and anti-GFP (1:500) from
mouse (Roche Diagnostics, Brussels, Belgium) (1:500). Fluorescein
isothiocyanate isomer I (FITC) or Cy3-conjugated anti-rabbit or anti-mouse
secondary antibodies were purchased from Dianova (Hamburg, Germany)
and diluted 1:600. The microscopic analyses were carried out on a SP2
confocal microscope (Leica-Microsystems, Wetzlar, Germany). GFP
samples were scanned without fixation.

Phenotype analyses

Plates with grown seedlings (5 or 10 days old) were scanned on a flatbed
scanner and measured with ImageJ software (http://rsb.info.nih.gov/ij/). The
vertical growth index (VGI) was calculated as described (Grabov et al.,
2005). The hypocotyl twisting index was determined as the relation between
hypocotyl length and the distance from the root base to the apical hook. For
embryo and root tip morphology analyses, we used chloral hydrate clearing
(Friml et al., 2003) and microscopy was carried out on an Axiophot
microscope (Zeiss, Jena, Germany) equipped with a digital camera. Lateral
roots were analysed and GUS staining was performed as described
(Benkova et al., 2003).

RESULTS

Effects of PIN- and PGP-inducible overexpression
in cultured BY-2 cells

For the characterization of PIN- and PGP-mediated auxin efflux at
the cellular level, we used BY-2 cells that harbour DEX-inducible
PGP19-HA (GVG-PGP19-HA) or PIN7 (GVG-PIN7) constructs
that had already been used to study the ability of corresponding
proteins to mediate efflux from plant cells (Petrasek et al., 2006).
After induction of GVG-PGP19-HA or GVG-PIN7 constructs, cells
accumulated less auxin because of the increased auxin efflux
(Petrasek et al., 2006). To study how increased auxin efflux
influences cellular behaviour in BY-2 cells, we examined the growth
and morphology of DEX-treated and untreated cells in these lines.
After induction of PIN7 or PGP19-HA expression, identical
phenotypical changes occurred: cells ceased to divide, started to
elongate, and formed and accumulated starch granules (Fig.
1A,B,D.E). A similar set of morphological changes was observed
in induced GVG-PIN4 and GVG-PING lines, and in a line
constitutively expressing PIN1-GFP that also showed increased
auxin efflux (see Fig. STA-D,H,I in the supplementary material).
Importantly, this cellular behaviour could be mimicked by
cultivation of cells in medium with a decreased amount of or no
auxin (see Fig. SIE-G in the supplementary material). These
experiments imply that the enhanced efflux after induction of either
PIN7 or PGP19-HA expression leads to depletion of auxin from
cells, resulting in a change in the developmental program reflected
by the switch from cell division to cell elongation.

All phenotypic changes induced by overexpression of PIN7 in the
GVG-PIN7 line were completely reversed by application of the
auxin efflux inhibitor NPA (Fig. 1C,G; see Fig. S1J,K in the
supplementary material). By contrast, after induction of PGP19-HA
expression in the GVG-PGPI19-HA line, NPA treatment was
ineffective in rescuing auxin starvation phenotypes (Fig. 1F,G; see
Fig. S1J,K in the supplementary material). These observations are
in line with previously reported differences in sensitivities of
PGP19- and PIN7-mediated auxin efflux to NPA (Petrasek et al.,
2006). These data collectively suggest that, although PGP and PIN
proteins play similar cellular roles in mediating auxin efflux and
inducing the switch from cell division to cell elongation, they define
two distinct auxin efflux mechanisms that differ in sensitivity to
auxin efflux inhibitors.
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GVG-PIN7

GVG-PGP19-HA

Fig. 1. Identical phenotypes indicative of auxin
starvation in DEX-induced expression of PIN7 or
PGP19 in BY-2 cells. (A,B,D,E) Effect of DEX induction in
GVG-PIN7 and GVG-PGP19-HA tobacco cell lines. Non-
induced GVG-PIN7 (A) and GVG-PGP19-HA line (D).
GVG-PIN7 (B) and GVG-PGP19-HA (E) cells after 3 days of
cultivation with DEX, showing decrease in cell division,
increase in cell elongation and formation of starch-
containing amyloplasts (arrows in B,E). (C,F) Chemical
inhibition of auxin transport (10 uM NPA) reversing these
defects in DEX-induced GVG-PIN7 cells (C) but not in
DEX-induced GVG-PGP19-HA cells (F). Scale bars: 20 um.
(G) Depiction (reciprocal plots) of the cell size distribution
(cell length and cell diameter) after NPA treatment

(10 uM, 3 days) in DEX-induced GVG-PIN7 and GVG-
PGP19-HA cells scored at day 3 after inoculation. Non-
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Effect of PIN- and PGP-inducible overexpression in

Arabidopsis seedlings

To study what effects overexpression of PINs and PGPs may have
at the multicellular level, we analysed transgenic lines
overexpressing PIN1, PGP1 or PGP19. After induction of PIN1
expression in the estradiol-inducible XVE-PINI line (Petrasek et
al., 2006) (Fig. 2A,B), seedlings lost the gravitropic response and
had retarded root growth (Fig. 2F,R). This effect was stronger at
increased concentrations of oestradiol, supporting the rate-limiting
function of PIN proteins (Fig. 2R). Immunolocalization confirmed
that ectopically expressed PIN1 was localized predominantly on
the basal side of root epidermal cells (Fig. 2A,B), consistent with
previous reports (Wisniewska et al., 2006). In hypocotyls of dark-
grown seedlings, we observed a previously uncharacterized
phenotype. Unlike the straight-growing hypocotyls of non-induced
plants, induced XVE-PINI plants had a twisted growth along the
vertical axis. Twisting was usually more pronounced close to the
hypocotyl base (Fig. 21,J). To test for possible changes in auxin
distribution after induction of PIN1 expression, we crossed the
XVE-PINI line with the DR5::GUS reporter line, a widely used
auxin response reporter (Hagen and Guilfoyle, 2002). DR5::GUS
staining of the XVE-PINI line after estradiol treatment suggested
a stronger auxin accumulation in the root tip, which rationalizes
the root agravitropic phenotype (Fig. 2N,0). In dark-grown
seedlings, weak uniform GUS staining along the hypocotyl axis
was seen in non-induced controls. This pattern changed after
induction of PIN1 expression, and DRS5 signal became stronger,
with random maxima along the hypocotyl (Fig. 2L,M) reflecting
differential cell elongation and hypocotyl twisting. Similar to the
situation in BY-2 cells, PIN1-inducible overexpression phenotypes
(root elongation and hypocotyl twisting) could be partially rescued
by exogenous application of NPA (Fig. 2K,S). Notably, similar
phenotypic aberrations and NPA treatment-based rescue were also
detected at different levels of induced PIN expression (data not

shown) and in other PIN1-overexpressing lines, such as DEX-
inducible GVG-PINI and constitutive 355::PINI (data not shown).
This confirmed that the phenotypic changes and changes in
patterns of DRS5 activity observed are due to the overexpression of
PINI protein.

For comparison, we analysed GVG-PGPI-myc and GVG-
PGP19-HA lines, which conditionally overexpress functional
PGP1-myc and PG19-HA versions. As confirmed by the activity of
the co-regulated GUS reporter construct (see Fig. S2A,B in the
supplementary material), RT-PCR (see Fig. S2C,D in the
supplementary material) and immunolocalization (Fig. 2C,D), both
PGP1-myc and PGP19-HA were overexpressed after DEX treatment
and localized mostly symmetrically at the plasma membrane (Fig.
2C,D). This confirmed induction of PGP1-myc and PGP19-HA
expression, however, did not lead to gravitropic defects (data not
shown), reduced root growth (Fig. 2G,H,T) or twisting of the dark-
grown hypocotyls (data not shown). Instead, GVG-PGP19-HA
seedling showed reduced outgrowth of cotyledons (Fig. 2G) and
slightly shorter dark-grown hypocotyls (Fig. 2T). The DR5rev::GFP
construct (Friml et al., 2003) introduced into GVG-PGP19-HA
plants revealed a reduced DR activity in the root tip, contrasting
with the increased DRS signal after PIN1 overexpression (Fig.
2P,Q). Furthermore the sensitivity to NPA was not visibly altered in
these lines (Fig. 2T).

Although other post-transcriptional events may influence the
outcome of these overexpression experiments, observations that
overexpression of PIN1 when compared with that of PGP1 and
PGP19 leads to qualitatively different phenotypes suggest that,
unlike in cultured cells, overexpression of PINs and PGPs in planta
have different effects on auxin distribution and seedling
development. This hypothesis is consistent with a scenario in which
PIN and PGP efflux machineries are distinct and might have both
overlapping and distinct functions in auxin transport-dependent
development.

DEVELOPMENT
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PGP proteins are expressed and synergistically
interact with PIN1 protein during embryogenesis
To study whether distinct PIN- and PGP-dependent transport
mechanisms have common developmental roles, we studied role of
PIN- and PGP-dependent transport during different auxin transport-
mediated processes. Many data on the developmental roles of
various members of the PIN family are available (Tanaka et al.,
2006), but comparable information for PGP1 and PGP19 is still
largely lacking.

First, we studied the involvement of PIN- and PGP-dependent
transport during Arabidopsis embryogenesis, which is known to be
regulated by PIN-dependent asymmetric auxin distribution (Friml

Fig. 2. Differential effect of PIN1 and PGP19 overexpression in
Arabidopsis seedlings. (A,B) Immunolocalization of PIN1 in the XVE-
PINT line without (A) and with estradiol (B) induction. Ectopically
expressed PIN1 localizes to the basal (lower) side of epidermal cells
(arrowheads). (C,D) Immunolocalization of DEX-induced PGP19-HA in
GVG-PGP19-HA (C) and PGP1-myc in GVG-PGPT1-myc (D) lines show
non-polar localization in epidermal cells. (E-H) Differential effects of
PIN1, PGP19-HA and PGP1-myc overexpression on seedling
development. Non-induced control (E); reduced root length and
gravitropic response by induced PIN1 expression (F); no dramatic
phenotypes caused by induced PGP19-HA (G) and PGP1-myc (H)
expression, apart from a reduction in cotyledon outgrowth in the DEX-
treated GVG-PGP19-HA line (G). (I-K) PIN1 overexpression phenotypes
in dark-grown seedlings: straight hypocotyls in untreated controls (1);
hypocotyl twists in estradiol-treated seedlings (J); this phenotype is
almost completely reversed by the auxin transport inhibitor NPA (K).
(L-0) Changes in the DR5::GUS auxin response reporter expression after
PIN1 overexpression: DR5::GUS is weakly and equally expressed in
hypocotyls of dark-grown seedlings (L), but shows randomly distributed
local maxima that correlate with unequal cell elongation after PIN1
induction (M); GUS signal in the root tip is confined to the columella in
the non-induced control (N), but increases and extends to the lateral
root cup after PIN1T induction (O). (P,Q) Reduction of DR5rev::GFP signal
in the columella after PGP19-HA expression (Q) when compared with
untreated controls (P). (R) Concentration-dependent effect of estradiol-
induced PIN1 overexpression on root elongation and gravitropism
(calculated as vertical growth index (VGI) (Grabov et al., 2005).

(S) Hypocotyl twisting and inhibition of root length following PIN
overexpression can be reversed by NPA. (T) PGP1-myc and PGP19-HA
overexpression have no pronounced effects on root growth, hypocotyl
growth in the dark or sensitivity to NPA. Scale bars: 3 mm. Error bars
represent s.e.m., n=20.

etal., 2003; Weijers et al., 2005). Various PIN proteins are expressed
at different stages of embryogenesis in distinct cells, and PIN gene
mutants (single and double), as well as mutants with defective PIN
localization, are defective in embryo patterning (Steinmann et al.,
1999; Friml et al., 2003; Friml et al., 2004; Weijers et al., 2005;
Michniewicz et al., 2007). However, in pgp mutants, no embryo
patterning defects have been reported and the function of PGPs in
embryogenesis has not been studied so far. To investigate expression
and cellular localization of PGP1 and PGP 19 during embryogenesis,
we used the functional tagged constructs pPGPI::PGPI-myc
(Blakeslee et al., 2007) and pPGP19::PGP19-GFP (see Fig. S3 in
the supplementary material). PGP1-myc was expressed from the
earliest embryo stages onwards in all pro-embryo and suspensor
cells. Cellular localization was mainly apolar, but more intense
signals were observed between freshly divided cells (Fig. 3A,B).
PGP19-GFP was also expressed at early stages, predominantly in
the basal cell lineage that forms the suspensor until approximately
the octant stage (Fig. 3C). At dermatogen (16-cell) stage, PGP19-
GFP expression extended from suspensor to the lower tier cells of
the pro-embryo (Fig. 3D). At mid-globular and later stages, PGP19-
GFP expression was gradually confined to the outer layers,
including protoderm and cells surrounding vascular precursor cells
with no expression between initiating cotyledon primordia (Fig. 3E).
At later stages, PGP19-GFP expression persisted in cells
surrounding the forming vasculature (pericycle, endodermis and
protoderm) (Fig. 3H). As for PGP1, no apparent polar localization
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Fig. 3. Expression and localization of PGP1 and PGP19 during
Arabidopsis embryogenesis. (A,B) Immunolocalization of PGP1-myc
in Arabidopsis embryos (PGP1 in red, DAPI in blue). Expression of PGP1-
myc in all cells and non-polar localization to the plasma membrane at
octant (0) (A) and mid-globular (mg) (B) stages. Inset shows staining in
the suspensor (s). (C,D) PGP19-GFP localization during early
embryogenesis. PGP19-GFP localizes apolarly to the plasma membrane
in derivatives of the basal cells at the octant stage (C) and in the
suspensor and lower tier cells at the dermatogens (d) stage (D).

(E-J) Restriction of the expression of PGP19-GFP at later stages of
embryogenesis to protoderm and cells surrounding the vascular
primordium, which is mainly complementary to PIN1 expression.
Immunolocalization at late-globular (Ig) (E-G) and mid-heart (mh) stages
(H-J) of PGP19-GFP (green) (E,H), PIN1 (red) (F). (G,J) Overlay of PINT,
PGP19 and DAPI (blue).

was observed. Interestingly, the PGP19-GFP expression pattern at
globular and later stages was roughly complementary to that of PIN1
(Fig. 3E-J). PGP19-expressing cells appeared to separate the inner
basipetal and outer acropetal auxin streams, which are defined by
PIN1 expression and localization (Friml et al., 2003; Vieten et al.,
2005) (Fig. 3E]).

To investigate the function of PGPs and eventually PGP-PIN
interactions for embryonic development, we analysed young
seedlings of pinl, pgplpgp19 and pinlpgplpgp19 genotypes. No
patterning defects were observed in pgplpgpl9 double mutant
seedlings (Fig. 4C,G). In the progeny of pinl+/— plants, ~5% of
seedlings had a defective cotyledon formation, including tricots and
fused cotyledons (Fig. 4B,G), as reported previously (Okada et al.,
1991). In the progeny of pgp Ipgp19pini+/- plants, almost 25% of
seedlings had fused cotyledons and some were cup-shaped, a feature
that is extremely rarely seen in pin/ seedlings (Fig. 4D.E,G).
Corresponding mutant phenotypes were also seen during
embryogenesis at heart and later stages (Fig. 4A-D). As reported
(Blakeslee et al., 2007), later post-embryonic development in
pinlpgplpgpl9 mutants was also very strongly affected (Fig. 4F).

Seedlings with
defects in cotyledon patterning

25

20

pini+/ pgpl pin1+/~ rentl  rent
pgp19 pgpt pgp1
G Pgp19 pgp19

Fig. 4. Genetic interaction of PGPs with PIN1 during embryonic
leaf formation. (A-D) Synergistic interaction of pgp7pgp19 and pinT
during cotyledon formation. Typical defects in cotyledon formation
during embryogenesis and their postgermination appearance are
shown: wild type (A), pinT (B), pgp1pgp19 (C) and pin1pgp1pgp19 (D).
(E) Cup-shaped cotyledons of the pin71pgpTpgp19 seedling that are
rarely seen in the pin7 mutant. (F) Strong enhancement of the pin1
phenotype in post-embryonal development by the pgp7pgp19
mutation. An adult, 5-week-old, plant with extremely dwarf
appearance, reduced leaf number and apical dominance is shown.
(G) Quantification of frequencies of cotyledon defects in different
mutants and their combinations (n=200). Scale bars: 1 mm in A-D;
5mmE,F

These results reveal a previously unknown role of PGPs during
embryogenesis. PGP1 and PGP19 are not strictly required for
embryo development, but they act synergistically with PIN1 protein,
mainly during cotyledon formation.

PGP genetically interacts with RCN1 in

embryogenesis and root development

To test further the functional interaction between PGP- and PIN-
dependent auxin transport systems in embryogenesis and patterning,
we generated renlpgp Ipgpl9 mutant that, besides lacking PGP-
mediated efflux, is defective in RCNI (Root Curling on NPA). This
gene encodes a subunit of protein phosphatase 2A (PP2A) that has
been shown to be involved in various developmental and signalling
processes (Garbers et al., 1996; Kwak et al., 2002; Larsen and
Cancel, 2003). Importantly, PP2A phosphatase, together with
PINOID kinase, regulates PIN polar targeting and, thus,
directionality of PIN-dependent auxin transport (Friml et al., 2004;
Michniewicz et al., 2007). Some features of the rcn/ mutant are
similar to those of the pgp Ipgp 19 mutant, such as wavy root growth,
but they do not include embryonic patterning defects (Garbers et al.,
1996) (Fig. 4G). Strikingly, renlpgpIpgp19 triple mutants exhibited
strong embryonic and post-embryonic auxin-related phenotypes.
Some seedlings of the renlpgpIpgpl9 mutant were defective in
apical-basal patterning (11/97) or cotyledon formation (3/97) (Fig.
5E,F). During embryogenesis, rcnlpgplpgpl exhibited aberrant
hypophysis divisions (16/20) at the globular stage (Fig. SA-D). This
spectrum of developmental aberrations is typical for mutants with
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Fig. 5. Genetic interaction of PGPs with RCN1. (A-D) Aberrant cell divisions of the hypophysis at the globular stage in rcn7pgp1pgp 19 mutant
embryos. The wild-type hypophysis divides into two derivatives: the smaller lens-shaped cells and bigger basal cells (A). Different aberrations in the
cell division of the rcn1pgp1pgp 19 mutant (B-D). (E,F) Rootless (E) and cotyledon patterning (F) defects in rcn7pgppgp19 seedlings (n=97).

(G) Enhanced defects in root elongation and gravitropism in 10-day-old seedlings of rcn7pgp1pgp19 as compared with controls. (H,I) Defects in
root tip organization, visualized by a lugol staining in rcn7pgp7pgp19 (1) when compared with wild type (H). (J) Quantification of root length and
gravitropism phenotypes of the rcn7pgp 1pgp 19 mutant. For comparison, pin2 and pin2pgp1pgp19 data are also included (n=25). Scale bars:

2 mm. Error bars represent s.e.m.

strong defects in auxin transport (for example, pinlpin3pin4pin7)
(Friml et al., 2003) or auxin signalling (monopteros and bodenlos)
(Hardtke and Berleth, 1998; Hamann et al., 2002). In post-
embryonic development, roots of renipgplpgpl9 seedlings were
reduced in length and showed enhanced defects in the gravitropic
response and differentiation of columella cells when compared with
renl single or pgpIpgpl9 double mutants (Fig. SH-J).

This observation further confirms that PGP function significantly
contributes to auxin-mediated patterning processes and supports a
scenario in which PGP- and PIN-dependent transport systems
functionally interact during embryogenesis at the level of the whole
transport systems rather than directly through protein interactions.

Diverse functions of PGP1 and PGP19 in lateral
root organogenesis

Next, we studied the role of PGP-dependent auxin efflux and its
possible interaction with PIN-dependent mechanisms in lateral root
initiation and emergence, other processes that involve PIN-
dependent auxin transport. Pharmacological or genetic modulation
of local transport-dependent auxin distribution inhibits lateral root
initiation and its morphogenesis (Benkova et al., 2003; Casimiro et
al., 2003). The role of PGP1 and PGP19 in lateral root development
has already been proposed (Lin and Wang, 2005; Wu et al., 2007),
but their precise function and interaction with PINs in initiation and
emergence remains unknown.

We determined expression and localization patterns of PGP1 and
PGP19 during early post-embryonic development by using
pPGPI1::PGPI1-GFP and pPGP19::PGP19-GFP constructs.
pPGPI1::PGPI-GFP and pPGP19::PGP19-GFP complemented
most aspects of the corresponding pgpl! and pgpl9 mutant
phenotypes, such as hypocotyl elongation defect (see Fig. S3A-E in
the supplementary material). Similarly to expression during
embryogenesis, PGP1-GFP did not exhibit tissue-specific

expression pattern and was detected in all cells of hypocotyls and
roots (Fig. 6A,C,D), except root-tip columella cells. The expression
of PGP19-GFP was also found in hypocotyls and main roots, but, in
contrast to PGP1-GFP, exhibited a more tissue-specific pattern, with
strongest expression in endodermal and pericycle tissues (Fig.
6B,E,F), in agreement with published data on PGP19-HA (Blakeslee
etal.,2007) and MDR1(PGP19)-GFP (Wu et al., 2007). In addition,
PGP19-GFP expression was detected also in root tip epidermal cells,
which is not supported by the published pattern of MDR1(PGP19)-
GFP (Wu et al., 2007). Both proteins are also expressed during all
stages of lateral root development and persisted after lateral root
emergence as shown previously (Geisler et al., 2005; Wu et al.,
2007). PGP1-GFP expression was observed from the first stage of
lateral root primordium organogenesis on (Fig. 6G). During
developmental stage I, PGP1-GFP was localized to anticlinal
membranes of short initials, and, later, when lateral root primordia
are formed, apolar membrane localization was detected in all cells
of primordia. Expression and membrane localization of PGP19-GFP
at developmental stage I fully overlapped with PGP1, but at later
developmental stages PGP19-GFP expression was more restricted
to endodermis and pericycle. In emerged lateral roots, PGP19-GFP
was detected also in cortical and epidermal cells, similar to its
expression in primary root tips (Fig. 6H).

Next, we investigated the consequence of PGP1 and PGP19 loss
in lateral root initiation and emergence, and their functional
interaction with PIN1 in this process. Both pgp single mutants
initiated fewer lateral roots (Fig. 6I), whereas, interestingly, the
combination of pgpl and pgpl9 mutations almost completely
rescued the effect of single mutations (Fig. 6I). This genetic
complementation of pgp ! and pgp !9 mutations was also observed
during lateral root emergence (Fig. 6J). Both single mutants had a
reduced progression rate through consecutive stages of lateral root
development, but this defect was largely recovered in pgpIpgp19
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Fig. 6. Post-embryonic expression and the role of PGP1/PGP19 in
lateral root development. (A,B) Expression and localization of PGP1-
GFP and PGP19-GFP in root tips of 5-day-old seedlings. PGP1-GFP is
expressed in all cells, except the columella (A); PGP19-GFP expression is
more restricted to endodermal and pericycle cells (B). (C-F) Expression of
PGP1-GFP and PGP19-GFP in hypocotyls and main root. PGP1-GFP is
expressed in all cells of hypocotyls (C) and main root (D), whereas
PGP19-GFP expression is more restricted to cells surrounding vascular
tissues in hypocotyls (E) and main root (F). h, hypocotyl; r, root.

(G,H) Expression of PGP1-GFP and PGP19-GFP during lateral root
development. PGP1-GFP expression is detected in all cells during all
stages (G) (indicated) and that of PGP19-GFP is more confined at later
stages (indicated) to the new forming endodermal and pericycle cells
(H). Arrowheads indicate the localization of PGP1/PGP19-GFP on
anticlinal membranes at stage . (I) Initiation and (J) emergence
phenotypes of pgp1, pgp19, pint, pgpT1pgp19 and pinpgp1pgp19
mutants (n=40).

double mutants (Fig. 6J). Addition of pin! to the pgpIpgpl9 mutant
surprisingly led to rescue of pin/ phenotype, which is characterized
by delayed lateral root primordium development (Benkova et al.,
2003), and even slightly increased lateral root initiation above wild-
type level (Fig. 61,J).

These analyses show that functions of PGP1, PGP19 and PIN1
are required for lateral root formation and suggest a complex
interaction of these proteins at multiple stages of the process.

pint
pgp1
pgp19

Fig. 7. Role of PGPs and PINs in the regulation of the spatial
distribution of the auxin response. (A-H) Roles of PGP1/PGP19 and
PIN1 in auxin response distribution (as visualized by DR5rev::GFP) in
heart-stage embryos (A-D) and root tips (E-H). Wild type (A,E).
Increased signal in pgpT1pgp19 (B,F), decreased signal in pin1 (C,G) and
pronounced defects in the distribution of the DR5 signal in the
pinTpgpTpgp 19 embryos (D) are seen, but restoration occurs in roots
(H). At least five roots or embryos from all mutant combination were
simultaneously analysed in two independent experiments (for pin1 and
pinTpgpT1pgp 19 mutants, only embryos with visible phenotypes were
analysed). Arrowheads in A-D indicate auxin maxima in cotyledon
primordia.

Antagonistic and synergistic effects of PIN- and
PGP-dependent transport on the spatial pattern of
auxin responses

To gain further insights into how PGP- and PIN-mediated transport
mechanisms  together regulate auxin-dependent plant
development, we analysed changes in auxin distribution, as
visualized indirectly by the DR5rev::GFP auxin response reporter
(Friml et al., 2003). During embryogenesis, spatial distribution of
DR5rev::GFP signal did not dramatically change in pgpipgp19
mutants, but auxin response maxima in cotyledon primordia and
at the root pole were enhanced (Fig. 7A,B). Conversely, pinl
mutant embryos had a reduced DRS signal at the root pole and
cotyledon primordia (Fig. 7A,C). When pinl and pgplpgpl9
mutations were combined, the spatial pattern of DRS5 activity
distribution in embryos was strongly distorted. The DRS activity
maxima were less well defined and DR5 signal was more diffuse
(Fig. 7D). These results clearly show that both PGP- and PIN1-
mediated transport systems are required together for the spatial
pattern of auxin distribution and formation of well-defined auxin
maxima during embryogenesis. This observation also fully
explains the observed synergistic genetic interaction between pin/
and pgplpgpl9 mutations (Fig. 4A-E,G).

In post-embryonic roots, the situation is somewhat different:
maintenance of auxin maxima in the quiescent centre/columella
region is crucial for controlling root meristem activity (Sabatini et
al., 1999; Friml et al., 2002a; Grieneisen et al., 2007). We detected
quantitative changes in DRS activity similar to those during
embryogenesis, including and increase in DRS activity in
pgplpgpl9 mutants, but a reduction in pin/ mutant roots (Fig. 7E-
G). However, when pgp1pgp19 and pinl mutations were combined,
the spatial pattern of DR activity was not impaired and the level of
activity was roughly restored to that of the wild type (Fig. 7H). This
apparent difference between the requirements of PGP and PIN
transport systems for spatial patterning of the auxin response in
embryos and seedling roots is probably due to pronounced
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functional redundancy of PIN proteins for auxin delivery to the
central root meristem during post-embryonic development (Blilou
et al., 2005; Vieten et al., 2005).

Opposite roles of PIN and PGP transport mechanisms were also
observed during auxin redistribution after gravitropic stimulation
(Lin and Wang 2005), where auxin redistribution to the lower side
of gravistimulated root is more pronounced in pgpipgp19 (see Fig.
S4A,B in the supplementary material), but inhibited in pin2 mutants
(Luschnig et al., 1998). Contrasting functions of PIN and PGP are
also supported by the synergistic effects of PIN1 gain-of-function
and PGP loss-of-function alleles. For example, defects in root
elongation and hypocotyl twisting were more pronounced after
XVE-PINI induction in pgplpgpl9 mutant than they were after
PINT induction in wild type (Fig. 8A).

In summary, these data show that even when PGP- and PIN-
dependent auxin transport mechanisms have opposite or even
antagonistic effects on auxin distribution and development during
several developmental processes, both systems are complementary
and are required together to maintain a dynamic spatial pattern of
auxin distribution and subsequent development.

DISCUSSION

Carrier-mediated auxin efflux is considered to be the crucial step in
the intercellular auxin transport and is required for multitude of
auxin distribution-dependent developmental processes (Tanaka et
al., 2006; Vieten et al., 2007). PGP and PIN proteins from
Arabidopsis are both involved in auxin efflux (Geisler et al., 2005;
Petrasek et al., 2006) and can physically and functionally interact in
mediating this process (Blakeslee et al., 2007). However, the
developmental relevance of the PGP and PIN interactions is unclear.
Here, we have systematically studied the distinct and common roles
of both auxin efflux systems in auxin distribution-dependent
development and provide new insights into understanding the
purpose of these two independent auxin efflux mechanisms for
regulating plant development.

PGPs and PINs define two distinct auxin efflux
systems
Since the identification of both PINs and PGPs as being involved in
the same process of cellular auxin efflux (Geisler et al., 2005;
Petrasek et al., 2006), an important issue is whether they represent
independent transport systems or act together as necessary parts of
one transport system. Our results strongly support the scenario in
which PGPs and PINs characterise two distinct auxin efflux
mechanisms. The earlier observations of the largely non-
overlapping phenotypes observed in pin and pgp loss-of-function
mutants (Vieten et al., 2007) indicated a different role for these
protein families that could be explained by the distinct expression
patterns of the family members. More significantly, when both
proteins are overexpressed under comparable general promoters in
the present study, the resulting phenotypes, although similar in
cultured cells, appear to be distinct in planta, and show different
sensitivities to the auxin efflux inhibitor NPA. Phenotypes resulting
from PIN overexpression can be reversed by NPA, but similar
sensitivities to NPA are not possible to demonstrate in PGP
overexpression lines. The different effects of PIN and PGP
overexpression, together with the different responses of these
transporters to inhibitors, clearly favours the scenario that PIN and
PGP protein families define two distinct auxin efflux machineries.
However, the identity of the molecular mechanism that underlies
the effect of auxin efflux inhibitors such as NPA still has to be
clarified. Previous reports have clearly shown that NPA binds PGP
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Fig. 8. Model for interaction of PGPs and PINs in the local auxin
distribution in meristematic tissues. (A) Enhanced effects (~20%) of
estradiol-induced PINT overexpression on root length and hypocotyl
twisting in the pgp7pgp 79 mutant when compared with wild type,
confirming the antagonistic roles of PIN1 and PGP1/PGP19 in seedling
development. Error bars represent s.e.m., n=20. (B) Immunolocalization
of PIN2 and PGP19-HA. Polar and non-polar localization of PIN2 and
PGP19-HA in the root epidermis, respectively. Expression of PGP19 is
higher in the endodermis and the pericycle that form the border
between acropetal and basipetal auxin streams. (C) Model of PIN and
PGP interaction. PGPs and PINs interact intermoleculary at the PIN-
containing polar domain, possibly regulating the PIN stability in the
plasma membrane. The PGPs remaining in these cells control the
cellular auxin pool available for the PIN transport. In pgpTpgp19, the
cellular auxin concentration is increased and, therefore, the PIN
transport is enhanced but less focused.

proteins (Noh et al., 2001; Murphy et al., 2002; Rojas-Pierce et al.,
2007), that PGP-mediated auxin efflux activity is inhibited by NPA
in heterologous systems (Petrasek et al., 2006; Blakeslee et al.,
2007) and that NPA inhibits PGP19 action in phototropism
(Nagashima et al., 2008). It is possible that NPA and other auxin
efflux inhibitors have multiple binding and regulatory sites with
different affinities. Moreover, auxin efflux inhibitors might have
multiple effects, including modification of actin-based subcellular
dynamics (Dhonukshe et al., 2008) or of the PGP-PIN interaction
(Blakeslee et al., 2007).

PGP- and PIN-mediated transport are required
together for embryogenesis and organogenesis
Another important argument for distinct roles of the PGP- and PIN-
dependent transport systems are the divergent phenotypes in pin loss-
of-function mutants when compared with pgp! and pgp 9 mutants.
PGP proteins play an important role in determining the plant
architecture during vegetative growth (Noh et al., 2001; Lin and
Wang, 2005; Wu et al., 2007). For example, agriculturally interesting
dwarf mutations in maize and sorghum results from loss of PGP
activity and from a reduction in auxin transport (Multani et al., 2003).
However, pgp mutants do not show clear patterning defects, whereas
pin single and multiple mutants show defects in embryogenesis,
organogenesis, tissue differentiation and meristem activity (Tanaka et
al., 2006; Vieten et al., 2007). We found that an important role of
PGP1 and PGP19 in patterning processes can be unmasked if the PIN-
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dependent transport is compromised. During embryogenesis, the
pgplpgpl9 mutation enhances greatly the effect of the pin/ mutation
on the formation of embryonic leaves. Furthermore, analysis of
mutant combinations of pgpIpgpl9 and renl [a gene encoding a
regulatory subunit of PP2A phosphatase that does not influence the
PIN function directly, but through the phosphorylation-dependent the
PIN polar subcellular targeting (Michniewicz et al., 2007)] revealed
very strong embryo and seedling patterning phenotypes that are not
observed in any of the single combinations. The phenotypes are
reminiscent of those found in mutants that are strongly defective in
auxin transport, such as gnom/emb30 (Steinman et al., 1999) and
pinlpin3pindpin7 (Friml et al., 2003) mutants. These results, together
with expression and localization patterns of PGP1 and PGP19 during
embryogenesis, reveal a previously unknown role of the PGP-
dependent auxin transport in development and support the notion that
the common functions of these two transport mechanisms contribute
to patterning processes.

Concerted action of PGP- and PIN-mediated
transports is required for auxin distribution
Auxin transport executes its effect on plant development largely by
generating asymmetric auxin distribution, which is often indirectly
monitored using the auxin response. The effects of gain- and loss-
of-function mutations in PGPs and PIN proteins on the quantity of
local auxin response and resulting development are, at times,
seemingly opposite. For example, in root tip, PIN1 overexpression,
but not pgplpgp19 loss of function, enhances auxin accumulation
in central root meristem. Conversely, pinl loss of function and
PGP19 overexpression both produce the opposite effect: a decrease
in auxin response in the root-tip region. Similarly, during
embryogenesis, the pin/ mutation decreases auxin response
maxima, but pgplpgp19 increases them. These results show that
PGP- and PIN-dependent transport systems play, in some instances,
opposing roles in mediating auxin accumulation in specific cells.
The opposite actions of PGP and PIN proteins can also be
observed at the developmental level. Some features of PINI
overexpression, such as twisting hypocotyls, can also be seen in the
pgplpgpl9 mutant (Noh et al., 2001) or in the mutant of the apparent
activator of the PGP function — immunophilin-like protein
TWISTED/DWARF (TWD) (Geisler et al., 2003). Furthermore,
hypergravitropic root growth in pgplpgpl9 seedlings (Lin and
Wang, 2005) (see Fig. S4 in the supplementary material) contrasts
with agravitropic growth of pin2 or pin3 seedlings. Significant also
are the additive effects of pgplpgpl9 mutations on the PINI
overexpression-induced phenotypes. Interestingly, despite these
opposite roles for PGPs and PINs in mediating the quantitative
distribution of the auxin response, both transport systems are
required together for generating proper spatial patterns of auxin
distribution. This effect was observed for auxin distribution in
pinlpgplpgpl9 mutant embryos (Fig. 7H) or in pin2pgplpgpl9
seedlings during the gravitropic response (Blakeslee et al., 2007)
(Fig. 5J). Thus, both the PGP- and PIN-dependent auxin transport
mechanisms play distinct, sometimes opposite, roles in auxin
distribution, but both transport systems cooperate to generate and
maintain the spatial pattern of auxin distribution that is necessary for
patterning and tropisms.

Model of the PGP and PIN interaction in local
auxin distribution in meristematic tissues

Based on previous and novel findings, we propose a model for the
functional interaction between PGP- and PIN-dependent auxin
transport mechanisms in embryos and root meristems (Fig. 8C). We

take into account the prevalent non-polar cellular localization of
PGP1 and PGP19 (Fig. 3, Fig. 6A-H, Fig. 8B) as well as the related
loss-of function and overexpression phenotypes. In cells where
PINs and PGPs are co-expressed, two types of interactions might
take place. A direct interaction between PIN and PGP, which takes
place at PIN polar membrane domains, contributes to the specificity
and modulation of auxin efflux rate (Blakeslee et al., 2007). The
proportion of PGPs that do not colocalize with PINs act
multilaterally in auxin efflux and, thus, regulate the effective
cellular auxin concentration available for PIN-mediated transport.
This combined action of PIN and PGP action determines how much
auxin flows through auxin channels. Observation of a higher
cellular auxin concentration in pgp mutants (Bouchard et al., 2006)
that might enhance PIN-mediated transport directly supports this
scenario. However, establishment of such a specific auxin
concentration by enhanced PGP 19 expression in cells, where there
is no direct PIN1-PGP19 colocalization (such as basal protoderm
and endodermal initials in embryos), additionally focuses auxin
flow. It is likely that for long-distance transport, e.g. in stems,
another mode of PGP and PIN interaction applies, as suggested by
strong auxin transport defects in pgp mutant stems (Noh et al.,
2001; Geisler et al., 2005).

It is important to note that different internal or external cues, such
as light, can influence the extent and mode of PIN-PGP interactions,
for instance at the level of functional pairing of PINs and PGPs
(Blakeslee et al., 2007) or by producing distinct effects on either
PIN or PGP functions. Moreover, the activity of previously
uncharacterized PGPs may also significantly contribute to auxin
transport. In summary, our model could provide an explanation of the
existence of two auxin transport mechanisms that ensure precise and
proper formation of spatial and temporal auxin distribution in plants.
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Fig. S1. Effects of PIN and PGP overexpression in BY-2 cells. (A-D) DEX-induced
expression of PIN4 and PING, resulting in similar phenotypes in GVG-PIN4 and GVG-PIN6
BY-2 cells. The phenotype of non-induced GVG-PIN4 (A) and GVG-PING cells (B) after 3-
day-long cultivation. DEX induction (1 pM) resulted in the stimulated cell elongation and
amyloplasts formation (arrows) in both GVG-PIN4 (C) and GVG-PING (D) cells. Scale
bars: 40 um. (E-G) Induction of BY-2 cell elongation and starch accumulation by auxin
starvation. BY-2 cells cultivated in the medium without 2,4-D (E) show defects similar to
those after induction of PIN7 or PGP19 expression in GVG-PIN7 and GVG-PGP19-HA lines,
namely inhibition of cell division, enhanced elongation and accumulation of starch
granules. Non-induced (F) and DEX-induced (G) GVG-PIN7 cells. Identity of the starch
granules (marked by arrows) was confirmed by lugol staining. Scale bars: 20 pm. (H)
Quantification of increased cell lengths in DEX-induced (+) and non-induced (=) GVG-
PIN4, GVG-PIN6 and GVG-PIN7 cell lines (1 uM DEX, 3 days). Similar increase in cell
length was observed in cells constitutively overexpressing PIN-GFP in PIN1::PIN1-GFP
line at day 3 of the subculture interval. Constitutive expression of PIN1 under natural
promoter results in overall prolongation of subculture interval accompanied with decrease
in cell division activity (data not shown). Error bars represent standard errors of the
mean (n=400). (1) Decreased accumulation of *HNAA in PIN1::PIN1:GFP cells (Benkova
et al., 2003; Zazimalova et al., 2007) reflects increased auxin efflux in comparison with
control BY-2 cells. Interestingly, decrease in the *HNAA accumulation by ~35%
corresponds well with the already reported decrease following inducible expression of
Arabidopsis PIN 4, 6 and 7 in BY-2 cells (Petrasek et al., 2006). Error bars represent
s.e.m. (n=4); where invisible, they are covered by the symbols. (J,K) Quantification of
the effect of DEX and DEX/NPA treatment in GVG-PIN7 and GVG-PGP19-HA lines. (J) For
better comprehensibility of our results (Fig. 1G), upper limit (90 um) for the length of all
variants were determined. After DEX induction, the percentage of oversized cells
increased in both GVG-PIN7 and GVG-PGP19-HA lines. However, the effect of the NPA
treatment was clearly different between GVG-PIN7 and GVG-PGP19-HA lines. Although in
the GVG-PIN7 line, the number of cells exceeding the determined limits was restored to
levels nearly the same as in the non-induced variant, increased length and diameter of
GVG-PGP19-HA was not restored with NPA. (K) The table shows the arithmetic means of
all measured cell lengths and diameters expressed with standard error (170 cells in each
sample).

Fig. S2. Analysis of inducible expression of PGP1-myc and PGP19-HA in GVG-
PGP lines. (A-D) Inducibility of PGP1 and PGP19 in GVG-PGP19-HA (A,C) and GVG-
PGP1-myc (B,D) lines confirmed by GUS staining of co-regulated UAS::GUS reporter
construct (A,B) and by RT-PCR (C,D). Strong GUS staining was observed in seedlings
germinated on DEX plates either in the light or in darkness.



Fig. S3. Complementation of the pgp19 and pgpl mutant phenotypes by the
pPGP19::PGP19-GFP and pPGP1::PGP1-GFP constructs. (A-C) Morphological
phenotype of pgpl19 mutant (epinastic cotyledons and wavy root growth) in seedlings
(A); leaf phenotype in adult plants (B) and partially lateral root formation phenotype (C)
could be complemented by the pPGP19::PGP19-GFP construct (PGP19-GFP). (D,E)
Lateral root initiation phenotype of pgpl mutant could not be complemented by the
pPGP1::PGP1-GFP (PGP1-GFP) construct (D), whereas the hypocotyl elongation
phenotype of pgpl could be complemented by the pPGP1::PGP1-GFP construct (E).

Fig. S4. Opposite effect of pgplpgpl9 and pin2 mutations on root gravitropism.
(A) Normal bending and relocation of the DR5::GFP signal in root tip epidermis after 5
hours of gravistimulation in wild type. (B) Enhanced relocation of DR5::GFP signal in
pagplpgpl9 reflects the enhanced gravitropic bending. The gravitropism diagram was
created as described (Petrasek et al., 2006) (12 hours of gravity stimulation, n=40).
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This article is based on collaboration between Dr. Eva Zazimalova, Dr. Jifi Friml and Dr. Jan
Martinec laboratories. The goal of this manuscript is to describe side-effects of the FM (Fei
Mao) styryl dyes, which are widely used probes that label processes of endocytosis and vesicle

trafficking in eukaryotic cells.

My contribution to this article was the transformation of BY-2 cells with ABCB4::ABCB4:GFP
construct, characterization of cell line including expression analyses (immunofluorescence
localization) and analysis of cell phenotype. I was involved in microscopy analysis of FM 4-64

effect on ABCB4-GFP plasma membrane localization in BY-2 cells expressing ABCB4-GFP.

FM styryl dyes were used for characterization of endosomal trafficking of proteins involved in
the auxin efflux machinery in BY-2 cell lines. Direct application of 2 uM FM 4-64 to BY-2 cells
constitutively expressing either PIN1-GFP or ABCB4—GFP resulted in transient internalization
of these proteins from the PM. Control cells showed localization of PINI-GFP and ABCB4—
GFP in the PM and the cortical cytoplasm (Figure 2a, b, 0 min, and Figure Sla). Prolonged
incubation with FM 4-64 (up to 30 min) resulted in remarkable endocytosis of FM 4-64, but
PIN1-GFP as well as ABCB4—GFP vesicles disappeared from the cortical cytoplasm, restoring a

control-like situation (i.e. localization on the PM; Figure 2a, b, 30 min).
This work was supported by the Grant Agency of the Academy of Sciences of the Czech

Republic (KJB600380604), by the Grant Agency of Charles University (43-252455) and by the
Ministry of Education, Youth and Sports of the Czech Republic, project LC06034.
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SUMMARY

Remarkable progress in various techniques of in vivo fluorescence microscopy has brought an urgent need for
reliable markers for tracking cellular structures and processes. The goal of this manuscript is to describe
unexplored effects of the FM (Fei Mao) styryl dyes, which are widely used probes that label processes of
endocytosis and vesicle trafficking in eukaryotic cells. Although there are few reports on the effect of styryl
dyes on membrane fluidity and the activity of mammalian receptors, FM dyes have been considered as reliable
tools for tracking of plant endocytosis. Using plasma membrane-localized transporters for the plant hormone
auxin in tobacco BY-2 and Arabidopsis thaliana cell suspensions, we show that routinely used concentrations
of FM 4-64 and FM 5-95 trigger transient re-localization of these proteins, and FM 1-43 affects their activity. The
active process of re-localization is blocked neither by inhibitors of endocytosis nor by cytoskeletal drugs. It
does not occur in A. thaliana roots and depends on the degree of hydrophobicity (lipophilicity) of a particular
FM dye. Our results emphasize the need for circumspection during in vivo studies of membrane proteins
performed using simultaneous labelling with FM dyes.

Keywords: FM 4-64, FM 1-43, plasma membrane, tobacco BY-2 cells, endocytosis.

INTRODUCTION

FM dyes are fluorescent markers that were originally
developed as membrane potential sensors (Grinvald et al.,
1988) and later optimized to stain synaptic vesicles in vivo
(Betz and Bewick, 1992; Betz et al., 1992, 1996; Gaffield and
Betz, 2006). They are widely used in tracking processes of
membrane trafficking in eukaryotic organisms (Gaffield and
Betz, 2006), including plants (Bolte et al., 2004; Aniento and
Robinson, 2005). The amphiphilic character of FM molecules
(Figure 1) allows their penetration through the cell wall fol-
lowed by insertion into the plasma membrane (PM) and
subsequent tracking of intracellular membrane dynamics.
The tail region of the FM molecule is responsible for its
lipophilicity. A higher number of carbons in the tail increases
the lipophilicity of the molecule, but PM staining becomes
irreversible (Betz et al., 1996). The composition of the bridge
region determines the fluorescence wavelength of the mol-

© 2010 Institute of Experimental Botany, ASCR
Journal compilation © 2010 Blackwell Publishing Ltd

ecule. More double bonds in this region shift emission to the
red part of the spectrum. In contrast to the hydrophobic
environments of the PM, fluorescence of FM dyes is strongly
reduced in a polar solvent (water). This makes FM dyes
optimal for selective tracking of membrane dynamics.
Moreover, positively charged head regions prevent the
movement of the dye across the membrane via phospho-
lipid flip-flopping. These chemical properties make FM dyes
useful tools in tracking endocytosis and vesicle trafficking in
living cells.

The most commonly used FM dyes in plant biology are
FM 4-64  (N-(3-triethylammoniumpropyl)-4-(6-(4-(diethyla-
mino)phenyl)hexatrienyl)pyridinium dibromide) and FM
1-43 (N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino)sty-
ryl) pyridinium dibromide). In addition to tracking endocyto-
sis (Emans et al., 2002), these dyes are often used in tracking
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Head Bridge Tail
positively determines lipophilic part,
charged, fluorescence allows insertion

prevents flip- spectrum, more into the lipid
flopping double bonds bilayer
across results in the
membrane shift to the red
emmision

FM 4-64 (CH,CHQ)JN‘(CHQ)AND— (CH=CH)3—©— N(CH,—CH,), 2Br
(CHE)SN'(CHZ)ENQ (CH=CH)34©» N(CH,— CHy), 2Br
FM 1-43 (CHJCH2)3N‘(CH2)JNC_\>— CH=CH —@— N[(CH,), CH,], 2Br

Figure 1. Structure of the FM dyes (Betz et al., 1996) used in this study.

FM 5-95

secretory pathways (Dettmer et al., 2006), as after some time
they end up in the vacuolar membrane, and thus can also be
exploited for studies of vacuolar dynamics (Kutsuna and
Hasezawa, 2002). There are also several other organelles
stained by FM dyes (for review see Bolte et al., 2004). Because
of differences in the speed of incorporation into endomem-
branes, FM 1-43 and FM 4-64 can be used as selective dyes
for exo- and endocytosis in pollen tubes (Zonia and Munnik,
2008). Moreover, a slightly less lipophilic variant of the FM
4-64 molecule, red-fluorescing FM 5-95 (N-(3-trimethy-
lammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)hexatrien-
yl) pyridinium dibromide), can be used as an alternative. The
hydrophobicity of the above mentioned FM dyes gradually
decreases from FM 4-64 through FM 5-95 to FM 1-43 (infor-
mation provided in Molecular Probes The Handbook).

Recent progress in plant molecular biology has provided
evidence for the existence of plant clathrin-dependent endo-
cytosis of PINFORMED (PIN) auxin efflux carriers (Dhonukshe
et al., 2007). It appears that, after fluid phase endocytosis
(Oparka, 1990), clathrin-dependent endocytosis is the major
endocytic route in plants (Perez-Gomez and Moore, 2007).
Thus, FM dyes are now considered as preferential markers for
this type of endocytosis, being blocked largely at the PM of
the cells where the clathrin molecule is not functional
(Dhonukshe et al., 2007). The suitability of FM dyes as
markers for endocytic pathways has recently been supported
by experiments involving micro-injection of FM 4-64 directly
into the cytosol of Nicotiana tabacum BY-2 cells and Trades-
cantia virginiana stamen hair cells (van Gisbergen et al.,
2008). Moreover, a set of Forster Resonance Energy Transfer
(FRET) data measured between FM 4-64 and cytoplasmic
GFP (Griffing, 2008) also showed that this dye is taken up into
cells preferentially by endocytosis.

However, even though FM dyes are undoubtedly valuable
tools for several applications, few reports on their side
effects have been published. Styryl-based dyes have been
shown to influence membrane fluidity (Rodes et al., 1995). In
addition, they block mechanotransduction channels (Gale
et al., 2001) as well as the activity of muscarinic and nicotinic

acetylcholine receptors (for review, see Gaffield and Betz,
2006). Therefore, careful investigation of their effects on
cellular structures and their activities would help in under-
standing the mechanism of FM dye action and validate their
exploitation as endocytotic markers.

Here we show that some concentrations of FM dyes, even
much lower than those widely used, have the potential to
disturb the localization and activity of integral PM proteins,
such as auxin carriers, in cell suspension cultures. To
characterize this phenomenon, we used tobacco BY-2 or
Arabidopsis cell cultures expressing translational fusions
with GFP using either the auxin efflux carrier PIN1 (PIN1::
PIN1:GFP; Benkova et al., 2003; Petrasek et al., 2006) or the
multi-drug resistance (MDR) type conditional auxin efflux
carrier PGP4/ABCB4 (PGP4::PGP4:GFP; Cho et al., 2007;
Terasaka et al., 2005; Yang and Murphy, 2009) from A. tha-
liana. In both cases, transient internalization of GFP-tagged
proteins from PM was observed upon treatment with FM
4-64 and FM 5-95, but not with FM 1-43. The internalization
was not blocked by inhibitors of endocytosis or cytoskeletal
drugs, but was sensitive to the metabolic drug sodium azide.
Moreover, all three dyes interfered to various degrees with
the activity of endogenous tobacco auxin carrier proteins
and phospholipid metabolism.

RESULTS

FM 4-64 induces transient re-localization of plasma
membrane proteins in BY-2 cells

We used FM styryl dyes for characterization of endosomal
trafficking of proteins involved in the auxin efflux machinery
in a tobacco BY-2 cell line. It was very easy to reproduce
already published data describing the use of FM dyes (Bolte
et al., 2004). However, in addition to this, other previously
uncharacterized effects of FM 4-64 treatment were repeat-
edly observed. Direct application of 2 um FM 4-64 to BY-2
cells stably expressing either PIN1-GFP or PGP4-GFP
resulted in transient internalization of these proteins from
the PM. Control cells showed localization of PIN1-GFP and
PGP4-GFP in the PM and the cortical cytoplasm (Figure 2a,b,
0 min, and Figure S1a). After 2 min of treatment with FM
4-64, a remarkable increase in the internal pool of both
fusion proteins was observed as punctate GFP signal
(Figure S1). This phenomenon clearly preceded the
endocytosis of FM 4-64, because the dye was still localized
mainly on the PM 2 min after its application (Figure S1). As
FM 4-64 internalization proceeded (Figure 2a,b, 10 min),
FM-labelled endosomes did not co-localize with FM-induced
PIN1-GFP patches (Figure 2c,d). Similarly, no co-localization
between PGP4-GFP patches and FM-decorated endosomes
was observed (data not shown). Prolonged incubation with
FM 4-64 (up to 30 min) resulted in remarkable endocytosis
of FM 4-64, but PIN1-GFP as well as PGP4-GFP vesicles
disappeared from the cortical cytoplasm, restoring a

© 2010 Institute of Experimental Botany, ASCR
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Figure 2. FM 4-64-stimulated transient inter- (a)
nalization of plasma membrane-located auxin
carriers.

(a, b) In vivo confocal microscopy of PIN1-GFP
(a) and PGP4-GFP (b) in 3-day-old tobacco
BY-2 cells; treatment with 2 um FM 4-64 for the
indicated times. PIN1-GFP and PGP4-GFP
localized at transversal plasma membranes of
control cells (upper row) and were internalized
after 10 min of incubation with FM 4-64 (mid-
dle row). Notice the patchy pattern in the green
channel. Restored plasma membrane localiza-
tion of PIN1-GFP and PGP4-GFP after 30 min
of treatment with FM 4-64 was accompanied
by endocytosis of FM 4-64 (bottom row).

(c) Longitudinal sections through the cortical
layer of the cytoplasm showing internalized
PIN1-GFP and FM 4-64 after 10 min incubation
with 2 um FM 4-64.

(d) Scattergram created from the oval region
indicated in (c), demonstrating no co-localiza-
tion of PIN1-GFP and FM 4-64 fluorescence.
Scale bars = 20 pm.

PIN1-GFP

0 min

10 min

30 min

(€) PINI-GFP

control-like situation (i.e. localization on the PM; Figure 2a,b,
30 min). Movie S1 shows PIN1-GFP-containing vesicles
3 min after FM 4-64 application in comparison with the
control (Movie S2).

Altogether, the results show that application of FM 4-64
dye, at a concentration even lower than that routinely used
for tracking of endocytosis, results in transient re-localiza-
tion of at least two integral PM proteins in exponentially
growing BY-2 cells.

FM dye-induced transient internalization of plasma
membrane proteins is cell suspension culture-specific, and
may be tissue- and/or species-specific

To address the question of whether the above described
effect of FM 4-64 on PM proteins is common in plant cell
suspensions, we studied this effect in a cell suspension
derived from A. thaliana PIN1::PIN1:GFP plants (Benkova
et al., 2003). PIN1-GFP localization in the Arabidopsis PM
differs from that in BY-2 cells; the fluorescence intensity is
less homogeneous and some intracellular accumulation is
seen (Figure 3a, 0 min). Nevertheless, 10 min after addition
of FM 4-64, similar transient re-localization of PIN1-GFP to

© 2010 Institute of Experimental Botany, ASCR
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that reported for BY-2 cells was observed (Figure 3a,
10 min). FM-labelled endosomes did not co-localize with
FM-induced PIN1-GFP patches. In comparison with BY-2,
the recovery of PIN1-GFP PM localization appeared to be
slower (Figure 3a, 40 min).

The FM 4-64 effect was also examined in A. thaliana
seedlings expressing another auxin efflux carrier, PIN2-GFP
(Xu and Scheres, 2005) or aquaporin water channel PIP2-
GFP (Cutler et al., 2000). PIN2-GFP (Figure 3b) or PIP2-GFP
(Figure 3c) seedlings were treated with FM 4-64. The dye
was washed out and images of root epidermis and cortex at
various time points up to 1 h after addition of FM dye were
collected. Neither of these two proteins showed enhanced
FM-induced internalization compared to mock treatment.

Although a tissue and even species specificity cannot be
excluded, FM dye-induced transient internalization of PM
proteins appears to be cell suspension culture-specific.

FM dye-induced transient internalization of plasma
membrane proteins correlates with dye hydrophobicity

To establish whether the above-mentioned effects of FM
4-64 are specific for this particular dye or whether they are

Journal compilation © 2010 Blackwell Publishing Ltd, The Plant Journal, (2010), 61, 883-892
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(a) PIN1-GFP FM4-64

Merged

0 min

10 min

Figure 3. FM dye-induced transient internalization of plasma membrane
proteins is cell suspension culture-specific.

(a) In vivo confocal microscopy of PIN1-GFP in 3-day-old Arabidopsis cell
suspension culture; treatment with 2 um FM 4-64 for the indicated times.
PIN1-GFP localized at plasma membranes of control cells (0 min) and was
internalized after 10 min of incubation with FM 4-64. Notice the patchy pattern
in the green channel. Plasma membrane localization of PIN1-GFP was
restored after 40 min of treatment with FM 4-64.

(b, c) Five-day-old Arabidopsis seedlings expressing PIN2-GFP (b) or PIP2-
GFP (c) were incubated for 30 min in the presence or absence of FM4-64 dye.
No apparent PIN2 or PIP2 internalization (in green) was observed within
30 min.

Scale bars = 20 um.

more general, we compared them with similar FM dyes: the
less hydrophobic FM 5-95 and FM 1-43. To secure full satu-
ration of the PM with FM dyes (2 um), providing a compa-
rable situation at the beginning of the experiment, a protocol
of FM staining on ice and subsequent observation at room
temperature was used (Emans et al., 2002). This approach is
often used because, at the beginning of the experiment,
when the PM is saturated with FM dye on ice, endocytosis
does not occur; later on, it can be easily restored upon
transfer of cells to room temperature. For all these experi-
ments, a PIN1-GFP-transformed BY-2 cell line was used.
After loading the cells with FM 4-64 on ice and subsequent
transfer to room temperature, the PIN1-GFP re-localization
resembled that observed using a protocol without pre-
incubation on ice (Figure 4a). It was also transient. Although
with slower kinetics, FM 5-95 also induced internalization of
PIN1-GFP (Figure 4b) and PGP4-GFP (data not shown). In
contrast, the least hydrophobic dye among those tested
(FM 1-43) never induced any observable re-localization of
PIN1-GFP (Figure 4c) or PGP4-GFP (data not shown), even
after prolonged incubation. The effect of all three FM dyes
was compared as the relative decrease of the PIN1-GFP
fluorescence intensity at the plasma membrane after 15 min
incubation (Figure S1e).

These results suggest a positive correlation between the
FM dye hydrophobicity and the ability to re-localize integral
PM proteins.

Active metabolism, but neither endocytosis nor cytoskele-
ton dynamics, are necessary for FM-induced internalization
of plasma membrane proteins

To assess possible mechanisms triggered by the addition of
FM dyes, the metabolic inhibitor sodium azide (NaN3) was
used to block ATP-dependent processes in BY-2 cells. Both
FM 4-64 endocytosis and PIN1-GFP internalization were
totally prevented by 15 mm NaNj; (Figure 5a). This indicates
an active, energy-dependent process involved in PIN1-GFP
re-localization. On the other hand, treatments that effectively
block FM dye endocytosis, including prolonged incubation
on ice (Figure 5b) as well as application of the phosphati-
dylinositol 3-kinase inhibitor wortmannin (Figure 5c), were
not effective in blocking the transient internalization of PIN1-
GFP caused by FM 4-64. Interestingly, FM dye-induced for-
mation of PIN1-GFP patches was even more pronounced on
ice, was not transient (over short time periods) and persisted
for at least 1 h. Figure S2 shows that de-polymerization of
neither actin filaments (treated with 500 nm latrunculin B)
nor microtubules (treated with 20 um oryzalin) is able to
abolish the FM dye effect on PIN1-GFP localization com-
pletely. Interestingly, de-polymerization of actin filaments
(in contrast to the de-polymerization of microtubules)
slightly decreased the amount of re-localized PIN1-GFP,
suggesting partial dependence of this process on the actin
cytoskeleton.

© 2010 Institute of Experimental Botany, ASCR
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Figure 4. FM-induced transient internalization (a) (b) (c)
of plasma membrane proteins correlates with PIN1 PIN1 PIN1
the dye hydrophobicity. GFP FM4-64 Merged GFP FM 1-43 Merged

—
—
—
L Vi

In vivo confocal microscopy of PIN1-GFP in
3-day-old tobacco BY-2 cells after 15 min pre-
incubation on ice followed by 15 min treatment
with FM 4-64 (a), FM 5-95 (b) or FM 1-43 (c) at
26°C. Notice no internalization of PIN1-GFP after
FM 1-43 treatment, in contrast to FM 4-64 and
FM 5-95. Scale bars = 20 um.

1-2 min

15 min

To address the question of whether FM-induced PIN1-
GFP patches are formed from the PM or from the
endosomal pool of PIN1-GFP, brefeldin A (BFA), an inhib-
itor of anterograde vesicle trafficking in plant cells, was
used. BFA compartments were formed close to the nucleus
after 1 h incubation in 20 um BFA for FM-treated as well as
control cells (data not shown). Treatment with BFA did not
prevent the extensive formation of PIN1-GFP-containing
patches after FM 4-64 application (Figure 5d). In cells
treated with BFA but without FM 4-64, no similar PIN1-
GFP patches close to the PM were observed even after
30 min (data not shown). BFA compartments containing
PIN proteins usually started to form after 40 min of BFA
treatment, mostly in the vicinity of the nucleus. Their
formation in all cells was completed after 1 h of incubation
with BFA. Therefore, the BFA compartment is not yet
developed in Figure 5(d).

Altogether, FM 4-64-induced patches are not formed from
vesicles that possibly have not fused with the PM, but are
rather derivatives of the PM itself. FM-induced dragging of
PM proteins into cells is an active process that does not
require phosphatidylinositol 3-kinase-dependent pathways.

FM dyes interfere with the activity of integral plasma
membrane auxin carriers

To test how FM dyes interfere with the activity of integral PM
auxin carriers, the radioactively labelled synthetic auxins
2,4-dichlorophenoxyacetic acid ([*H]2,4-D) and naphthalene-
1-acetic acid ([*HINAA) were used as markers for active
auxin influx and efflux, respectively (Petrasek et al., 2006).
The active auxin influx decreased immediately after the
addition of 2 um FM 1-43 and to lesser extent after addition
of 2 um FM 4-64 or FM 5-95, as indicated by significantly
decreased auxin accumulation in 2-day-old wild-type BY-2
cells (Figure 6a). The active auxin efflux was also partly
influenced by FM 1-43 (i.e. the accumulation of [*HINAA

© 2010 Institute of Experimental Botany, ASCR
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increased); however, FM 4-64 and FM 5-95 had no
significant effect (Figure 6b). It appears that the transient
re-localization of auxin carriers caused by FM 4-64 and FM 5-
95 is not sufficient to change the overall balance of auxin
transport across membranes, and so changes in accumula-
tion of labelled auxin are hardly detectable in living cells.
Nevertheless, the most hydrophilic FM dye FM 1-43, which
did not cause internalization of auxin carriers from the PM,
had a significant effect on the auxin accumulation in cells,
suggesting another mode of direct interference with auxin
carrier activity.

FM dyes interfere with phospholipid metabolism

To test the influence of FM dyes on the PM, we investigated
the dynamics of phosphatidylcholine (PC) hydrolysis. PCis a
major component of the PM and a substrate of phospho-
lipases; it plays a crucial role in many signal transduction
processes in plants (Meijer and Munnik, 2003; Wang, 2004).
Level of fluorescently labelled diacylglycerol (BOPIPY-DAG),
a direct product of BODIPY-PC hydrolysis by the action of
non-specific phospholipase C (NPC) or a non-direct product
of BODIPY-PC hydrolysis by the action of phospholipase D
(PLD), was used as a marker of these enzyme activities. The
level of BOPIPY-DAG significantly decreased after treatment
of the BY-2 cells by virtually all tested FM dyes. In 2 ym FM
1-43-treated cells, the level of BODIPY-DAG decreased to
approximately 60% within 15 min compared to non-treated
cells. The effect of FM 5-95 was less obvious, and the
decrease in BOPIPY-DAG caused by FM 4-64 was almost
non-significant (Figure 6¢). When cells were treated for
30 min, there was no further decrease in BODIPY-DAG (data
not shown).

Thus, FM 4-64 does not alter the levels of DAG signifi-
cantly. However, as in the case of auxin carrier activity, the
most hydrophilic FM dye FM 1-43 strongly inhibits
enzyme(s) of phospholipid metabolism in cells.

Journal compilation © 2010 Blackwell Publishing Ltd, The Plant Journal, (2010), 61, 883-892
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(a) PIN1-GFP FM 4-64

Merged

5 min NaN,
15 minFM 4-64

15 min iCe
20 min FM4-64 ice

10 min FM4-64

30 min wortmannin

30 min BFA
10 min FM4-64

Figure 5. Testing the mechanism of FM-induced internalization of plasma
membrane proteins.

In vivo confocal microscopy of PIN1-GFP in 3-day-old tobacco BY-2 cells;
treatment with 2 um FM 4-64 for the indicated times. Transversal confocal
sections.

(a) Total inhibition of both FM 4-64 endocytosis and internalization of PIN1-
GFP after 5 min pre-incubation with 15 mm sodium azide (NaNs) followed by
15 min incubation with 2 um FM 4-64.

(b) Pre-incubation on ice for 15 min followed by addition of 2 um FM 4-64 and
subsequent 20 min incubation on ice. Notice patches of PIN1-GFP and
blocked endocytosis of FM 4-64.

(c, d) Pre-incubation with 50 pm wortmannin (c) or 20 um brefeldin A (d) for
30 min followed by 10 min incubation with 2 um FM 4-64. Notice patches of
PIN1-GFP after both treatments.

Scale bars = 20 um.
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Figure 6. The activity of endogenous auxin influx and efflux carriers after
treatment with 2 um FM 4-64, FM 5-95 or FM 1-43.

(a) Accumulation of radioactively labelled synthetic auxin [*H]2,4-D reflecting
the activity of auxin influx carriers.

(b) Accumulation of radioactively labelled synthetic auxin [*HINAA reflecting
the activity of auxin efflux carriers.

(c) Production of fluorescently labelled BODIPY-DAG reflecting enzyme
activities of phospholipases.

Error bars represent SEs of the means (n = 4).

DISCUSSION

The results presented here show a phenomenon that has not
been described before, i.e. that treatment with styryl dyes of
the FM family can change the localization as well as the
activity of at least some integral PM proteins in plant cells.
FM4-64 and FM5-95 influenced the localization of integral
PM proteins. This effect was transient and related to the
early phases of the interaction between FM dyes and the PM.
In addition, application of FM 1-43 did not interfere with the
trafficking of PM proteins, but it significantly decreased the
activity of auxin transporters and phospholipid metabolism.
These findings are important, especially given the fact that
FM dyes are widely used for tracking the dynamics of the
PM. The properties of FM molecules (Betz et al., 1996) imply
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that they cannot penetrate the PM, and so enter the cell
interior only by PM internalization. This has been verified
recently by testing the FRET between FM 4-64 and cyto-
plasmic GFP (Griffing, 2008) and by micro-injection of FM
4-64 into the cell interior (van Gisbergen et al., 2008). In
addition to clathrin-mediated endocytosis (Dhonukshe et al.,
2007) and sterol endocytosis (Kleine-Vehn et al., 2006; Klima
and Foissner, 2008), FM 4-64 also appears to be a good
marker for all other PM internalization processes in plants
(Bolte et al., 2004). No toxicity or similar unwanted side
effects were reported after application of optimized con-
centrations of FM dyes (usually between 1 and 30 pwm; for
review, see Bolte et al., 2004). In BY-2 tobacco cells, satura-
tion of the PM was achieved using 17 um FM 4-64 (Bolte
et al., 2004), and this concentration did not inhibit cell
division or cell-cycle progression (Kutsuna and Hasezawa,
2002). In our study, 2 um of FM dye was enough to induce
transient re-localization of PM proteins. Thus, the effective
concentrations of FM dyes used in our experiments are
almost 10 times lower than that reported as optimal (Bolte
et al., 2004).

Interestingly, FM-induced changes in the localization of
integral PM proteins were not observed in A. thaliana root
epidermis and cortex cells. However, tissue and even species
specificity cannot be excluded. Among other possible expla-
nations, the composition of PM in various cell types and
extracellular space conditions may play critical roles here.
The dye must be hydrophilic enough to pass through the cell
wall and hydrophobic enough to be incorporated preferen-
tially into the PM. In agreement with this, Meckel et al. (2004)
showed that, in the highly turgescent guard cells of Vicia
faba, only the most hydrophobic dye FM 4-64 can be used for
tracking endocytosis, while FM 1-43 non-specifically labelled
various cytoplasmic structures and mitochondria.

With the current knowledge of the mechanism by which
FM dyes incorporate into the PM, it is not easy to explain
their effect on re-localization of integral PM proteins unam-
biguously. While it is not clear whether there is a preferential
target for FM dyes among the spectrum of plant PM
phospholipids, it is obvious that all FM dyes are positively
charged and prefer specific lipids in prokaryotes. In the PM
of Bacillus subtilis or Escherichia coli, FM 4-64, FM 1-43 and
FM 5-95 were incorporated into the same lipid spiral-like
structure enriched with anionic phospholipid phosphatidyl
glycerol (Barak et al., 2008). Thus binding to specific lipids
could result in lipid phase segregation, preferentially desta-
bilizing proteins with specific requirements for lipid envi-
ronment. As the degree of mis-localization of the PM auxin
carriers correlated with the hydrophobicity of FM dyes, we
can assume that FM 4-64, as the most hydrophobic (lipo-
philic) form of FM dye tested in our experiments, is
incorporated into the lipid bilayer very effectively. The rapid
change in the composition of the PM could trigger transient
processes until a new steady state of the PM with FM dye
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incorporated is reached. These processes could include
steric competition between FM dyes and some PM proteins,
temporary changes in PM fluidity, lipid phase segregation,
or a combination of any of these processes. Consequently,
changes in the physical properties of the phospholipid
bilayer could result in the release of some material from the
PM - as in the case described here, where the formation of
particles that lack FM dye but contain some PM proteins was
observed. At present, we are not able to conclude whether
these particles are in the form of vesicles, lipid droplets or
other structures.

A further aspect worth mentioning is that FM dyes differ
significantly in their ability to associate with a lipid bilayer. It
was shown that neuronal membranes were half-saturated
with FM 4-64 at a concentration approximately 10 times
lower than required for half saturation with FM 1-43 (Zhu
and Stevens, 2008). Therefore, a membrane can hold 10
times more molecules of FM 1-43 than of FM 4-64. Thus, it
can be speculated that membrane fluidity, which is known to
be altered by styryl-based dyes (Rodes et al., 1995), is
influenced more by FM 1-43 than by FM 4-64. It is also
known that alternations of membrane fluidity affect phos-
pholipase activities (Villaverde and Verstraeten, 2003); this
would explain the significant reduction of DAG levels in
FM 1-43-treated cells.

Various treatments of BY-2 cells were performed to
examine the character of FM dye-induced PIN1-GFP or
PGP4-GFP patches and the mechanism of their internaliza-
tion. Treatment with BFA, which in plants act as an inhibitor
of anterograde vesicle trafficking, showed that FM 4-64-
induced patches were derivatives of PM and are not formed
from secretory vesicles that had not been able to fuse with
the PM. To check the involvement of endocytosis, low
temperature and the phosphatidylinositol-3-kinase inhibitor
wortmannin, which have all been successfully shown to
block endocytosis in plants (Emans et al., 2002; Dettmer
et al, 2006), were tested. As none of the treatments
prevented the formation of FM-induced patches, we con-
cluded that it was not this type of endocytosis, but some
other process, that was stimulated by the addition of
FM dyes. This was further supported by distinct localizations
of FM-induced PIN1-GFP or PGP4-GFP patches and
FM-stained vesicles, and also by the overall different timing
of endocytosis labeled with FM and appearance of
patches. Prolonged incubation on ice prevented formation
of FM-labelled endosomes but increased and prolonged
the FM-induced re-localization effect. This suggests the
mechanism requiring lower amounts of energy than the
clathrin-dependent one. The formation of FM-induced PIN1
or PGP4 patches was blocked only after sodium azide
treatment. This suggests that the process of FM-induced
PM protein re-localization is energy-dependent, possibly via
an ATP-driven step. Alternatively, FM-induced internaliza-
tion could also be indirectly dependent on the cell energy
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pool, as reported in yeast for the transmembrane potential-
induced re-distribution of specific transporter proteins
(Grossmann et al., 2007).

A well-established auxin accumulation assay (Delbarre
et al., 1996; Petrasek et al, 2006) was used to test the
effect(s) of FM dyes on the function of proteins of interest,
i.e. to monitor the activity of tobacco BY-2 endogenous
auxin carriers in vivo. In contrast to the formation of
FM-induced patches, FM 1-43 was the most active in inhib-
iting cellular auxin influx and efflux, followed by FM 5-95
and FM 4-64. The timing of the FM 1-43 inhibitory action on
the auxin influx and efflux activities was fully comparable to
the effects of widely used specific inhibitors of active auxin
influx (1-naphthoxyacetic acid) and efflux (1-naphthylphtha-
lamic acid) (Petrasek et al., 2003; Hoyerova et al., 2008). This
means that both the specific inhibitors of auxin influx and
efflux, as well as FM 1-43, modify auxin accumulation
immediately after their application, without any lag phase.
This suggests direct action on carrier proteins residing in the
PM. As FM 1-43 did not induce any re-localization of PM
auxin carriers, its action on auxin transporters might be
related to an inhibitory effect on phospholipase(s) reflected
in changed levels of DAG. DAG is a PM-located second
messenger directly involved in the phosphoinositide-
dependent signalling system, which plays an important role
in plant signalling processes. Alternatively, FM 1-43 could
also interfere with the function of auxin carrier molecules by
steric blockage, etc. Similar effects were observed with
FM 1-43 for mechanotransduction channels of murine hair
cells, neuronal cells (Gale et al., 2001; Drew and Wood, 2007)
and muscarinic acetylcholine receptors (Mazzone et al.,
2006). Interestingly, the inhibitory action of FM dyes on
both active auxin influx and efflux was inversely propor-
tional to their hydrophobicity. The action of FM 4-64 and
5-95 might have been attributed to the fact that after their
use there are fewer auxin carriers at the PM. However, this
does not apply to FM 1-43, which did not induce any
internalization of these proteins. Generally, after application
of these dyes to living cells, all carriers and other proteins
are affected in parallel. In the case of inhibition of influx,
intracellular auxin accumulation is decreased, and, in con-
trast, in the case of inhibition of efflux, auxin accumulation is
increased. Thus the sum of these auxin transport processes
across the PM, resulting in the net capacity for auxin
accumulation in living cells, does not directly reflect the
individual activity of auxin carriers. Only the use of auxins
that are preferential ‘substrates’ for either influx or efflux
carriers gives an indication of the effect(s) of FM dyes on
auxin transporter activity. Such treatments showed that FM
dyes, particularly FM 1-43, do influence the activity of auxin
transport processes across the PM, and that they do so
immediately after application.

Altogether, even though the FM dyes are very useful tools
for tracking endocytosis in vivo, they also can induce

transient internalization of at least some PM proteins and
alter their activity, mainly in suspension-cultured cell lines.
Therefore, a very careful characterization of action of these
dyes should be performed under specific experimental
conditions before they are used as endocytotic markers.
The data also indicate that FM dyes do not label all endocytic
pathways in plants.

EXPERIMENTAL PROCEDURES

Plant material and gene constructs

The tobacco BY-2 cell line (N. tabacum L. cv. Bright Yellow 2; Nagata
et al.,, 1992) and BY-2 cells transformed with A. thaliana PIN1::
PIN1:GFP (Benkova et al., 2003; Zazimalova et al., 2007) were culti-
vated in darkness at 25°C on an orbital incubator (IKA KS501, IKA
Labortechnik, http://www.ika.net) at 120 rpm (orbital diameter
30 mm) in liquid medium (3% sucrose, 4.3 g L™ Murashige and
Skoog salts, 100 mg L™" inositol, 1 mg L™" thiamin, 0.2 mg L™" 2,4-
dichlorophenoxyacetic acid and 200 mg L™ KH,PO,, pH 5.8) sup-
plemented (transformed cells only) with 100 mg L™" kanamycin and
100 mg L™ cefotaxim, and sub-cultured weekly. Calli were main-
tained on the same medium solidified with 0.6% w/v agar. A gene
construct containing A. thaliana PGP4::PGP4:GFP in pGPTV-GFP
(Cho et al., 2007) was introduced into Agrobacterium tumefaciens
strain GV2260 and then into tobacco cells by co-cultivation as de-
scribed previously (An, 1985; Petrasek et al., 2003). The PGP4-
transformed lines were cultivated in liquid medium supplemented
with 100 mg L™" kanamycin, 300 mg L™ claforan and 50 mg L™
hygromycin B.

Plants were grown on Murashige and Skoog (MS) plates (with
sucrose) under a 16 h light/8 h dark photoperiod at 21/18°C.
Experiments were performed during the light period. Uptake
experiments using 2 um FM4-64 were performed on 5-day-old
seedlings expressing PIN2::PIN2-GFP (Xu and Scheres, 2005) or
35S::PIP2:GFP (Cutler et al., 2000) in liquid MS medium.

The A. thaliana cell suspension culture was derived from
PIN1::PIN1:GFP-expressing plants (Benkova etal, 2003) as
described by Petrasek et al. (2006).

Chemicals

Boron-dipyrromethane-phosphatidylcholine [2-decanoyl-1-(0-(11-
(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pro-
prionyl)amino)undecyl)sn-glycero-3-phosphocholine] (BODIPY-PC)
was obtained from Invitrogen (http://www.invitrogen.com/). Phos-
pholipase A, (PLA,) from bee venom, PC-PLC from Bacillus cereus
and PLD from cabbage were obtained from Sigma-Aldrich Co.
(http://www.sigmaaldrich.com/). HPLC-grade chloroform, ethanol,
methanol and high-performance thin layer chromatography
(HP-TLC) plates were obtained from Merck (http://www.merck.com).
All other chemicals were of analytical grade.

FM dyes 4-64, 5-95 and 1-43 (Molecular Probes, catalogue
numbers T13320, T23360, T3163), brefeldin A, wortmannin, latrun-
culin B and oryzalin (all Sigma-Aldrich, http://www.invitrogen.com)
were kept as 20, 50, 10, 2.5 and 57 mm stock solutions, respectively,
in DMSO at —20°C. Sodium azide was added from a 1.5 m stock
solution in water to a final concentration of 15 mm.

Application of FM dyes and inhibitors

FM dyes were added to 1 ml of 2-3-day-old BY-2 cell suspension
under continuous shaking in multi-well plates, and samples were
observed at the time indicated. Alternatively, the protocol described
by Emans et al. (2002) was used. 1 ml of a 2-3-day-old BY-2 cell
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suspension was placed on ice for 15 min and then supplemented
with 2 um FM dye. After another 15 min of incubation on ice, cells
were transferred to an orbital shaker at 26°C and observed at the
time indicated. Brefeldin A, sodium azide and wortmannin were
added directly to the cultivation medium to final concentrations of
20 pum, 15 mm and 50 pwm, respectively. The same amount of solvent
was added to controls.

Seedlings were primed for 5 min on ice with MS medium
containing 2 um FM4-64, subsequently rinsed three times in liquid
MS medium, and analysed by confocal microscopy.

Microscopy

For in vivo microscopy, a Zeiss LSM 5 DUO confocal microscope
with a 40x C-Apochromat objective (NA = 1.2 W) was used (http://
www.zeiss.com/). Fluorescence signals for GFP (excitation 488 nm,
emission 505-550 nm), FM 4-64 and FM 5-59 (both excitation
561 nm, emission >575 nm) were detected. Sequential scanning
was used to avoid any cross-talk between fluorescence channels. To
separate FM1-43 and GFP fluorescence, spectral fluorescence
detection and subsequent linear unmixing were used. Lambda
series (excitation 488 and 561 nm) were collected using the Zeiss
META system. Nineteen channels (10.7 nm wide) of the META
detector were used to span an emission range of 497-700 nm. Lin-
ear unmixing was performed using Zeiss LSM IMAGE EXAMINER Soft-
ware. Reference spectra of GFP and FM1-43 were acquired from
single labelled specimens. The scattergram of fluorescence inten-
sities in the red and green channels was constructed using Zeiss
IMAGE EXAMINER software. Independent experiments were
performed in triplicate with the same results, and representative
images are shown.

Auxin accumulation assay

Auxin accumulation by BY-2 cells was measured according to the
method described by Delbarre et al. (1996), as modified by Petrasek
et al. (2003). Accumulation by the cells of [*HINAA (specific radio-
activity 935 GBq mmol~", synthesized at the Isotope Laboratory,
Institute of Experimental Botany, Prague, Czech Republic) or
[®H12,4-D (specific radioactivity 20 Ci mmol~', American Radiola-
beled Chemicals Inc., http://www.arcincusa.com) was measured in
0.5 ml aliquots of cell suspension (cell density approximately
7 x 10° cells mI™", as determined by counting cells in a Fuchs-Ro-
senthal haemocytometer). FM dyes were added at the beginning of
the accumulation assay. The values for the net accumulation of
auxin (with the value at time 0 subtracted) after 20 min of incuba-
tion with radioactive auxin and FM dye were plotted relative to the
control accumulation without FM dyes.

Determination of non-specific phospholipase C activity

Fluorescent substrate (0.66 pg ml~' BODIPY-PC) was added to a
3-day-old BY-2 cell suspension. The suspension was diluted to
0.056 g FW mi™". After 10 min of incubation, FM dye was added to
the final concentration of 10 um. After incubation on an orbital
shaker at 26°C in darkness for 15 min, the cells were harvested for
the extraction of lipids and HP-TLC analysis of reaction products.
Lipids were extracted by a modification of the method described by
Bligh and Dyer (1959). Briefly, 4 ml of methanol/chloroform (2/1 v/v)
was added to harvested cells. After 30 min of extraction, 2 ml 0.1 m
KCI was added, and the mixture was left at 4°C for at least 30 min.
Then samples were centrifuged for 15 min at 420 g. The lower
phase was evaporated to dryness using a vacuum evaporator and
re-dissolved in ethanol. Samples were applied to HP-TLC silica
gel-60 plates using a Linomat IV sampler (Camag, http://www.
camag.com). After 10 min of saturation, plates were developed in a
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horizontal developing chamber (Camag) in a mobile phase of
chloroform/methanol/water (65/25/4 v/v/v) (Scherer et al., 2002).
Plates were dried and scanned using a video camera (Kodak DC 120,
http://www.kodak.com) under UV light for computer-assisted
quantification (Kodak ds 1D). Identification of individual spots
was based on comparison with fluorescently labelled lipid
standards.
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Additional Supporting Information may be found in the online
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Figure S1. FM 4-64-stimulated transient internalization of plasma
membrane-located auxin carriers.

Figure S2. De-polymerization of the actin or microtubule cytoskel-
eton does not abolish FM 4-64-induced internalization of plasma
membrane-located auxin carriers.

Movie S1. Re-localization of PIN1-GFP into patches in the cytoplasm
after 3 min treatment with 2 uym FM 4-64.

Movie S2. PIN1-GFP localization after 3 min mock treatment with
the appropriate amount of solvent (DMSO).
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Supporting Information

Figure S1. FM 4-64-stimulated transient internalization of plasma membrane-
located auxin carriers, fast effects, mock treatments and the quantification. In vivo
confocal microscopy of PIN1-GFP (a) and PGP4-GFP (b) in 3-day-old tobacco BY-2
cells; treatment with 2 uM FM 4-64 for indicated times. (c) Mock treatment for figure
2a. DMSO 1:10 000 (v/v) was added to PIN1-GFP expressing cells and images were
taken at 2 minutes, 10 minutes and 30 minutes after the addition of DMSO. No changes
in the localization of PIN1-GFP were observed compared to the non-treated cells and no
increase in the formation of PIN1-GFP patches was observed. (d) Mock treatment for
figure 4b. Cells were pre-incubated on ice for 15 minutes, than DMSO 1:10000 (v/v)
was added and cells further incubated on ice. Images were captured at 15 and 30
minutes after the addition of DMSO. DMSO did not induce the formation of PIN1-GFP
vesicles as observed after FM4-64 treatment. () Mean plasma membrane grey levels
after 15 min treatment with FM dyes reflecting the relocalization of the PIN1-GFP into
the endosomal space. Note that FM 4-64 has the most remarkable effect. After the
interactive thresholding of the plasma membranes (indicated by yellow bars in the
image on the right) the mean value of fluorescence intensity was recorded for both time
points: just after the application of the respective dye and after 15 min incubation. Cells
treated for 15 minutes with DMSO (1:10000 v/v) or 2uM FM dyes were compared to
the non-treated cells, mean grey levels (8 bit resolution) reflect the intensity of the
fluorescence in the plasma membrane. All cell chains containing three and more cells

from 9 optical fields were analyzed. Error bars represent SD.



The test of equality of variances indicated that the variances of the grey levels of the
plasma membrane after 15 min of treatment were significantly different from control
cells both for FM 4-64-treated cells (F=3.2, p=0.004) and FM 1-43-treated cells
(F=2.98, p=0.002) and significantly equal for FM 5-59-treated cells (F=1.01, p=0.486).
Therefore, a two sample t-tests that do not assume equal variances were performed for
the comparison of mean grey levels reflecting the plasma membrane fluorescence of
control and FM 4-64 and FM 1-43-treated cells. For FM 5-59, a two sample t-test
assuming equal variances was performed. The mean grey levels for FM 4-64-treated
cells (M=62.77; SD=24.85; n=22) were significantly smaller than in control cells
(M=122.78; SD=44.48; n=28) as tested by the two-sample t-test for unequal variances,
t(44)=6.04, p<=0.001. Differences in grey values for FM1-43 and FM 5-59 were
statistically insignificant using the t test for unequal and equal variances, respectively

(p>=0.005).

Figure S2. Depolymerization of actin or microtubule cytoskeleton does not abolish
FM 4-64-induced internalization of plasma membrane-located auxin carriers. In
vivo confocal microscopy of PIN1-GFP in 3-day-old tobacco BY-2 cells treated with
latrunculin B (a) or oryzalin (b). Cells were stained with 2 uM FM 4-64 for 15 minutes.
In cells with depolymerized actin is PIN1GFP localization less affected by FM4-64 dye,
whereas depolarization of microtubules results in increased relocalization of PIN1GFP.
To depolymerize actin cytoskeleton, BY2 cells were incubated with 500nM Latrunculin B
for 10 minutes. Subsequently 2uM FM 4-64 was added and images were taken at times

indicated. For depolymerization of microtubules 20uM oryzalin was used.



6.4. Chapter 4 - Auxin influx inhibitors 1-NOA, 2-NOA, and CHPAA interfere with

membrane dynamics in tobacco cells
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Klara Hoyerova

Journal of Experimental Botany 61, 3589-3598

This paper is the result of Dr. Eva Zazimalova laboratory with a small contribution from the
Univ. Bern, Switzerland. In this report, we reveal the mechanism of action of the auxin influx
inhibitors 1-NOA, 2-NOA, and CHPAA by direct measurements of auxin accumulation, cellular
phenotypic analysis, as well as by localization studies of Arabidopsis auxin -carriers

heterologously expressed in BY-2 cells.

My contribution to this article was in the transformation of BY-2 cells with
ABCB4::ABCB4:GFP construct, characterization of cell line including expression analyses
(immunofluorescence localization) and analysis of cell phenotype. I was involved in microscopy
analysis of the effects of the auxin influx inhibitors (1-NOA, 2-NOA and CHPAA) on
subcellular distribution of ABCB4-GFP fusion proteins in tobacco BY-2 cells.

To determine whether the auxin influx inhibitors (1-NOA, 2-NOA and CHPAA) can influence
AUXI1, PINI, ABCB4 proteins distribution, XVE::EYFP:AUXI, XVE::PINI:GFP,
ABCB4::ABCB4:GFP BY-2 cell lines were used. In control situation the PM fluorescence of all
fusion proteins was observed without visible vesicles in the cortical cytoplasm (Fig. 4A, E, I).
After 3 h treatment with 20 uM 1-NOA, both PIN1:GFP and EYFP:AUXI1 (Fig. 4B, F) were
observed in vesicles reminiscent of endosomes and located in the cortical cytoplasm. Similar
treatment with 2-NOA induced these patches as well, but the effect was weaker (Fig. 4C, G). A 3
h exposure to 20 uM CHPAA did not induce any protein redistributions (Fig. 4D, H).
Interestingly, only after 24 h treatment with 1-NOA ABCB4:GFP fusion protein appeared in a
form of few membrane aggregates (Fig. 4J, K, L).

The work was supported by the Grant Agency of the Czech Republic (KJB600380702), by the
Ministry of Education, Youth and Sports of the Czech Republic, project LC06034, and by the
European Fund for Regional Development, the Operational Programme Prague-Competitiveness,

project 504 CZ.2.16/3.1.00/21159.
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Abstract

The phytohormone auxin is transported through the plant body either via vascular pathways or from cell to cell by
specialized polar transport machinery. This machinery consists of a balanced system of passive diffusion combined
with the activities of auxin influx and efflux carriers. Synthetic auxins that differ in the mechanisms of their transport
across the plasma membrane together with polar auxin transport inhibitors have been used in many studies on
particular auxin carriers and their role in plant development. However, the exact mechanism of action of auxin efflux
and influx inhibitors has not been fully elucidated. In this report, the mechanism of action of the auxin influx
inhibitors (1-naphthoxyacetic acid (1-NOA), 2-naphthoxyacetic acid (2-NOA), and 3-chloro-4-hydroxyphenylacetic
acid (CHPAA)) is examined by direct measurements of auxin accumulation, cellular phenotypic analysis, as well as
by localization studies of Arabidopsis thaliana L. auxin carriers heterologously expressed in Nicotiana tabacum L.,
cv. Bright Yellow cell suspensions. The mode of action of 1-NOA, 2-NOA, and CHPAA has been shown to be linked
with the dynamics of the plasma membrane. The most potent inhibitor, 1-NOA, blocked the activities of both auxin
influx and efflux carriers, whereas 2-NOA and CHPAA at the same concentration preferentially inhibited auxin influx.
The results suggest that these, previously unknown, activities of putative auxin influx inhibitors regulate overall
auxin transport across the plasma membrane depending on the dynamics of particular membrane vesicles.

Key words: Auxin efflux carrier, auxin influx carrier, auxin transport, auxin transport inhibitor, membrane dynamics, tobacco
BY-2 cells.

Introduction

Differential distribution of the plant growth regulatory
substance auxin is known to mediate many fundamental
processes in plant development, such as the formation of the
embryogenic apical-basal axis, pattern formation, tropisms,
and organogenesis (reviewed in Vanneste and Friml, 2009).
The distribution of auxin and the formation of auxin
gradients in the tissues is directed by the activity of the
plasma membrane-localized auxin influx carriers AUXIN
RESISTANT 1/LIKE AUXIN RESISTANT (AUXI1/LAX)
and auxin efflux carriers PIN-FORMED (PIN) as well as the
ATP-Binding Cassette subfamily B (ABCB)/multidrug resis-
tance (MDR)/phosphoglycoprotein (PGP)-type transporters

(Noh et al, 2001; Swarup et al., 2001; Friml et al., 2002a, b,
2003; Benkova et al., 2003; Blilou et al., 2005; Vieten et al.,
2007; Pernisova et al., 2009). Auxin influx carriers (AUX1/
LAX), belonging to the family of plasma membrane amino
acid permeases (AAP family), mediate the uptake of auxin
into the cell (auxin influx). AUX1 was characterized at the
molecular level in Arabidopsis by Bennett et al. (1996) and its
transport function was shown by Yang er al (2006). In
addition, the function of LAX3 was characterized in
Arabidopsis as well (Swarup et al., 2008).

Although most of the native auxin indole-3-acetic acid
(IAA) is transported into cells by diffusion, the importance

© 2010 The Author(s).

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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of AUXI1/LAX carriers could be clearly demonstrated in
many developmental processes. They are involved in
embryogenesis (Ugartechea-Chirino ez al., 2010), hypocotyl
apical hook development (Vandenbussche ef al., 2010), root
gravitropism (Bennett ez al., 1996), lateral root development
(Swarup et al., 2001), root hair development (Jones et al.,
2009), phloem loading and unloading (Marchant et al.,
2002), and phyllotaxis (Bainbridge et al., 2008). Generally,
the importance of auxin uptake carriers lies mainly in their
role in the pumping of auxin against its concentration
gradient. Mathematical modelling further supports the role
of AUXI/LAX proteins in the creation of local auxin
maxima as demonstrated for phyllotaxis (Smith ez al., 2006).

Over the last two decades, auxin efflux inhibitors such as
2,3,5-triiodobenzoic acid (TIBA) or I-naphthylphthalamic
acid (NPA) (see a review by Rubery, 1990; Lomax et al.,
1995; Morris et al., 2004) have significantly contributed to
the present knowledge about auxin efflux transporters and
their involvement in the control of physiological and
developmental processes in plants. Compounds that inhibit
auxin efflux include synthetic phytotropins (NPA and 2-(1-
pyrenoyl)benzoic acid (PBA) being the most prominent
representatives), cyclopropyl propane dione (CPD) and
TIBA, and also natural flavonoids (e.g. quercetin). More-
over, inhibitors of intracellular protein trafficking, such as
monensin and brefeldin A (BFA), also affect auxin efflux
(Wilkinson and Morris, 1994; Morris and Robinson, 1998).
BFA operates through plasma membrane localization of
PINs and ABCBs but not AUX1/LAXes (Titapiwatanakun
and Murphy, 2009).

The synthetic compounds 1-naphthoxyacetic acid (1-
NOA), 2-naphthoxyacetic acid (2-NOA), and 3-chloro-4-
hydroxyphenylacetic acid (CHPAA) have been used to
disrupt auxin influx (uptake). The inhibitors were originally
selected on the basis of their structural similarities with 2,4-
dichlorophenoxyacetic acid (2,4-D), an auxin influx carrier
substrate, or with naphthalene-2-acetic acid (2-NAA), a sub-
stance that inhibits auxin influx carriers (Imhoff er al,
2000). The synthetic inhibitors share some structural
features with auxins in containing an aromatic moiety
substituted with an acidic side-chain with a carboxyl group,
which is, among other things, believed to bind specifically
a particular region of the putative auxin receptor (Edgerton
et al., 1994). Importantly, the naturally occurring substance
chromosaponin (Rahman et al, 2001) was found to be
a possible endogenous analogue to synthetic inhibitors such
as 1-NOA (Parry et al., 2001).

Although the mechanism of action of auxin transport
inhibitors is still far from being fully understood, recent
data (Dhonukshe er al., 2008) suggest that some of these
compounds (e.g. PBA, TIBA, but not NPA) can act through
actin-mediated vesicle trafficking processes in eukaryotic
cells. As shown in tobacco BY-2 cells, actin dynamics seems
to be at both the genomic and the non-genomic levels under
the control of auxin itself and NPA interferes with this
process (Maisch and Nick, 2007; Nick ez al, 2009). The
modulation of intracellular trafficking of both AUX1 and
PIN auxin transporters (Kleine-Vehn ez al, 2006) by

auxin transport inhibitors is thus critical for their overall
abundance at the plasma membrane. Obviously, besides the
action of (native) auxin transport inhibitors, many other
processes regulate the overall performance of auxin trans-
porters as well (for a review see Titapiwatanakun and
Murphy, 2009).

In this paper, the function and mechanism of action of
the synthetic auxin influx inhibitors 1-NOA, 2-NOA, and
CHPAA were investigated. Assays of auxin transport in
tobacco BY-2 cells showed that, in contrast to 2-NOA and
CHPAA, the mode of action of 1-NOA is not entirely
specific for auxin influx. Changes in the subcellular distri-
bution of both AtEYFP:AUXI1 and A¢PIN1:GFP fusion
proteins expressed heterologously in tobacco BY-2 cells,
and the resulting defects in the polarity of cell division,
indicate that 1-NOA acts largely through changes in mem-
brane dynamics. 2-NOA was less effective and CHPAA was
almost ineffective in this respect. On the basis of these
findings the mechanism of action of these inhibitors was
proposed related to the dynamics of membrane vesicles
transporting particular auxin carriers.

Materials and methods

Chemicals

Unless stated otherwise, all chemicals were supplied by Sigma
Aldrich (St Louis, MO, USA).

Construction of transformation vectors

The estradiol-inducible XVE::PINI:GFP construct was prepared
using DNA sequence PINI:GFP which was PCR amplified from
plasmid DNA (Benkova et al., 2003). The primers containing the
attBl and attB2 Gateway recombination sites were used. The
purified PCR product was placed into the Gateway pDONR 221
donor vector (BP reaction). Recombination (LR reaction) was
then made with the pMDC?7 binary destination vector (Curtis and
Grossniklaus, 2003) containing the estradiol-inducible transactiva-
tor XVE. The resulting plasmid was verified by sequencing from
the left to the right borders.

The estradiol-inducible XVE::EYFP:AUXI construct was pre-
pared using AUXI and EYFP DNA sequences which were PCR
amplified separately from plasmid DNA (Yang ez al., 2006). The
primers contained attB multisite Gateway recombination sites. For
EYFP and AUXI amplification, attBl, attB5r sites, and attBS5,
attB2 sites were used in this respect. The purified PCR products
were then placed into Gateway pDONR 221 P1-P5r and pDONR
221 P5-P2 donor vectors (BP reactions). Multisite recombination
(LR reaction) was then made with the pMDC?7 binary destination
vector (Curtis and Grossniklaus, 2003) containing the estradiol-
inducible transactivator XVE. The resulting plasmid was verified
by sequencing from the left to the right borders.

Primers used: PINI1:GFP forward (attB1), GGGGACAAGTTT-
GTACAAAAAAGCAGGCTCAACAATGATTACGGCGGCG-
GACTTCTAC, PINI:GFP reverse (attB2), GGGGACCACTTT-
GTACAAGAAAGCTGGGTGTGTTTTGGTAATATCTCTTCA;
AUXI forward (attB5), GGGGACAACTTTGTATACAAAAGT-
TGGCTCCGCGGCCGCCCCCTTCACC, AUXI reverse (attB2),
GGGGACCACTTTGTACAAGAAAGCTGGGTATCAAAGAC-
GGTGGTGTAAAG; EYFP forward (attBl), GGGGACAAGTT-
TGTACAAAAAAGCAGGCTCAACAATGGGCAAGGGCGAG-
GAGCTG, EYFP reverse (attB5r), GGGGACAACTTTTGTATA-
CAAAGTTGTTGATGATCCCGGGCCCGCGG.
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Plant material

Cells of tobacco line BY-2 (Nicotiana tabacum L., cv. Bright-
Yellow 2) (Nagata er al, 1992) were cultured in liquid medium
[3% (w/v) sucrose, 4.3 g 17! Murashige and Skoog salts, 100 mg 1~
inositol, 1 mg 17! thiamine, 0.2 mg 1"! 2,4-D, and 200 mg 17!
KH,PO,4 (pH 5.8)] in darkness at 27 °C on an orbital incubator
(Sanyo Gallenkamp, Schoeller Instruments Inc., Prague, Czech
Republic; 150 rpm, 32 mm orbit) and subcultured weekly. Stock
tobacco BY-2 calli were maintained on the same media solidified
with 0.6% (w/v) agar and subcultured monthly. BY-2 cell lines
expressing GFP fusion with ABCB4 (PGP4:GFP) were described
in Jelinkova et al. (2010).

Stock solutions of 1-NOA (5 mM), 2-NOA (5 mM), CHPAA
(10 mM), and NPA (10 mM) in ethanol were added to the BY-2
cell suspension to a final concentration of 10 pM at each
subculturing. Samples of cells were taken regularly for microscopy
and determination of cell density.

Expression of EYFP:AUXI and PINI:GFP genes was induced
by the addition of estradiol (B-estradiol, 1 pM, 24 h) at the
beginning of the subculture interval. Stock solutions of 1-NOA
(20 mM), 2-NOA (20 mM), CHPAA (20 mM), and NPA (20 mM)
in DMSO were added to reach a final concentration of 20 uM for
the 3 h and 24 h treatments, and of 50 uM for the 48 h treatments.
The same amount of the solvent was added to controls. FM 4-64
(4 uM) (Molecular Probes) was applied to 1 ml of 3-d-old BY-2
cells that had been pretreated with 20 pM or 50 uM 1-NOA for
4 h, and incubated for 1 min under continuous shaking.

Transformation of BY-2 cells

The basic transformation protocol of An (1985) was used.
Three-day-old BY-2 cells were co-incubated with Agrobacterium
tumefaciens (Petrasek et al., 2003) strain GV2260 carrying
XVE::EYFP:AUXI or XVE: PINI:GFP constructs and trans-
formed BY-2 cells were maintained in culture media containing
100 pg ml™" hygromycin and 100 pg ml~" cefotaxim.

Microscopy and image analysis

Nomarski DIC microscopy was performed using Nikon Eclipse
E600 (Nikon, Japan) and images were recorded with colour digital
camera (DVC 1310C, USA) using LUCIA image analysis software
(Laboratory Imaging, Prague, Czech Republic). To determine cell
length, a population of 400 cells was meausured using LUCIA
image analysis software and the average values were expressed in
pum. Confocal microscopy was performed using Zeiss LSM 5 DUO
confocal microscope equipped with a x40 C-Apochromat objec-
tive (NA=1.2 W). Fluorescence signals were obtained for GFP or
YFP (excitation 488 nm, emission 505-550 nm) and FM 4-64
(excitation 561 nm, emission >575 nm).

Cell densities were determined by counting cells in at least 10
aliquots of each sample using Fuchs—Rosenthal haemocytometer
slide.

Auxin accumulation measurements

Auxin accumulation in 2-d-old cells was measured using radioac-
tively labelled auxins according to Delbarre et al (1996), as
modified by Petrasek er al. (2006). Treatments were replicated at
least three times and the average values (* standard errors) were
expressed as pmols of the particular auxin accumulated per million
cells. 1-NOA, 2-NOA, CHPAA, NPA, or BFA were added as
required from ethanolic stock solutions to give a final concentra-
tion of 10 uM at the beginning of the accumulation assay (together
with the addition of radioactively labelled auxin). In the combined
experiments, BFA was added to a final concentration of 10 uM at
the beginning of the accumulation assay together with the addition
of PH]NAA (25 Ci mmol~!; Isotope Laboratory of the Institute of
Experimental Botany, Prague, Czech Republic). Individual inhib-

Mode of action of auxin influx inhibitors | 3 of 10

itors 1-NOA, 2-NOA, or NPA were added after 10 min to a final
concentration 10 uM.

For time-course experiments, aliquots of cell suspension were
removed at specified intervals from 0-30 min after the addition of
radioactively labelled auxin. Accumulation of [HJ2,4-D (20 Ci
mmol~!; American Radiolabeled Chemicals, Inc., St Louis, MO,
USA) in response to particular concentrations of 1-NOA or 2-
NOA was determined after 20 min uptake period.

Results

Phenotypic changes in tobacco BY-2 cells after
treatments with various auxin transport inhibitors

To evaluate possible differential effects of auxin influx and
efflux inhibitors on the overall course of the BY-2 cell line
subculture interval, the culture media were supplemented
with 10 uM concentrations of 1-NOA, 2-NOA, CHPAA, or
NPA. Treatments with 1-NOA resulted in phenotypic
changes different from those caused by 2-NOA or CHPAA.
Thus, in the presence of 1-NOA the cells divided less
frequently than controls, contained amyloplasts with starch,
and cell elongation was significantly enhanced (Fig. 1A, B,
F), in contrast to 2-NOA or CHPAA which even stimulated
cell division slightly (Fig. 1C, D, G). Treatments with NPA
under the same conditions had no significant effect on cell
phenotype or cell division (Fig. 1E, G).

Altogether, the action of 1-NOA, a putative inhibitor of
auxin influx, resulted in a distinct phenotype in comparison
with the phenotype caused by 2-NOA, CHPAA, which
likewise block mainly auxin influx, and NPA, which blocks
mainly auxin efflux.

Auxin influx inhibitors 1-NOA, 2-NOA, and CHPAA have
distinct impact on the accumulation of different types of
auxin

The accumulation kinetics of radioactively labelled NAA
and 2,4-D has been shown to reflect the activity of auxin
efflux and influx carriers, respectively, and therefore both
these synthetic auxins can be used as markers for measuring
the activity of these carriers, namely in tobacco cells
(Delbarre et al., 1996; Petrasek and Zazimalova, 2006). The
effects of the synthetic inhibitors of auxin influx on the
accumulation of 2,4-D and NAA using 2-d-old tobacco BY-
2 cells were investigated (Fig. 2A, B). At 10 uM concentra-
tion, 1-NOA, 2-NOA, and CHPAA all reduced the accum-
ulation of [°H]2,4-D, CHPAA being the most effective. The
amount of [°H]J2,4-D that accumulated after 20 min in the
presence of CHPAA was reduced by 3.5-times relative to
the controls, by 2.5-times in the presence of 2-NOA, and by
1.4-times in the presence of 1-NOA (Fig. 2A). A comparison
of the concentration dependence of the positional analogues
1-NOA and 2-NOA revealed that 1-NOA reduced the accum-
ulation of [*H]-2,4-D with a 10-times lower efficiency than
2-NOA (Fig. 20).

Surprisingly, after the application of 1-NOA the accumu-
lation of [PH]NAA significantly increased, whereas applica-
tion of 2-NOA or CHPAA raised the accumulation of this
labelled auxin only slightly (Fig. 2A, B). Since NAA is taken
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Fig. 1. Effects of auxin influx and efflux inhibitors on cell division
activity and phenotype of tobacco BY-2 cells. The cells were
grown (A) in a standard medium for 2 d, in the presence of auxin
influx inhibitors (B) 1-NOA, (C) 2-NOA, (D) CHPAA, or (E) auxin
efflux inhibitor NPA (10 pM each). Measurements of cell length (F)
and cell density (G) showed that cells treated with 1-NOA were
more elongated (F) and that cell division was reduced in contrast
to cells treated with 2-NOA or CHPAA (G). Values in (F) and (G)
represent means =SE (n=10). (A-E) Scale bar, 50 um.

up only passively (and is a good substrate for the active
auxin efflux) in tobacco cells, these results suggest that 1-
NOA markedly inhibits the auxin efflux carrier(s) activity.

Taken together, the putative auxin influx inhibitor 1-
NOA is much less effective in blocking the active auxin
influx compared with 2-NOA or CHPAA and it also
modifies the activity of auxin efflux carriers.

Effect of NPA on [PHINAA accumulation in tobacco BY-
2 cells treated with 1-NOA or 2-NOA

To check whether 1-NOA or 2-NOA are able to inhibit
auxin efflux activity, accumulation assays were performed
with BY-2 cells using [’HJNAA in the presence of 1-NOA
(10 uM) or 2-NOA (10 uM). The established auxin efflux
inhibitor NPA was applied at 10 uM concentration
(Petrasek et «al, 2003, 2006) in-flight 10 min after the
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Fig. 2. The effect of the putative auxin influx inhibitors on
intracellular accumulation of [?H]2,4-D and [°PH]NAA in tobacco
BY-2 cells. The kinetics of accumulation of 2 nM [?H]2,4-D (A) and
[PHINAA (B) in the presence of 10 pM 1-NOA (filled circles), 2-NOA
(filled squares) or CHPAA (filled inverted triangles). Note the
difference between the efficiency of 2-NOA, CHPAA, and 1-NOA
in the inhibition of auxin influx as shown by reduced accumulation
of [’H]2,4-D (A) compared with control cells. Increased accumula-
tion of [PH]NAA (reflecting preferentially the activity of auxin efflux
carriers) in the presence of 1-NOA is significantly higher than that
in the presence of 2-NOA and CHPAA (10 uM each). (C)
Concentration dependence of [*H]2,4-D (2 nM) in response to
specified concentrations of 1-NOA (filled circles) or 2-NOA (filled
squares) was determined after 20 min uptake period. Accumula-
tion of [*H]2,4-D is suppressed more effectively with 2-NOA
compared with 1-NOA. Error bars represent SE (n=4).

addition of ["H]NAA together with 1-NOA or 2-NOA. In
the presence of 1-NOA the NPA had almost no effect on
the accumulation of [PHJNAA (Fig. 3A), indicating that
auxin efflux carriers were already blocked by the preceding
application of 1-NOA. By contrast, in the presence of 2-
NOA, the in-flight addition of NPA during the accumula-
tion of [P’HJNAA caused elevation of auxin accumulation in
the cells (Fig. 3B), suggesting that auxin efflux carriers were
still active before the NPA treatment.
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Fig. 3. The effect of NPA on the intracellular accumulation of
[PHINAA in tobacco BY-2 cells treated with 1-NOA or 2-NOA. In-
flight application of NPA (10 uM) to cells treated with 1-NOA (10
M) (A) had very low impact on the accumulation of PH]NAA (2
nM). In-flight application of NPA to cells treated with 2-NOA (10
uM) (B) increased auxin accumulation, suggesting that auxin efflux
carriers were still active before NPA treatment (note also the higher
absolute values of auxin accumulation in the case of 1-NOA in
contrast to 2-NOA even before NPA treatment). Error bars
represent SE (n=4). (C) Effects of the auxin influx and efflux
inhibitors 1-NOA, 2-NOA, and NPA on intracellular accumulation of
[*HINAA in cells treated with the inhibitor of vesicle trafficking BFA.
2-NOA did not change the accumulation of [PH]NAA in cells
treated with BFA, while both NPA and 1-NOA increased it. Values
are percentages of control at 20 min after application of [PHINAA
and inhibitors. Error bars represent SE (n=4).

These results, therefore, indicate that 1-NOA, in contrast
to 2-NOA, is effective in blocking auxin efflux in a way
similar to NPA.

1-NOA, but not 2-NOA, increases the accumulation of
PHINAA in tobacco BY-2 cells treated with BFA

BFA, an inhibitor of Golgi-mediated vesicle trafficking, has
been shown to reduce the plasma membrane pool of PIN
auxin efflux carriers within 30 min (Geldner ez al., 2001). To
obtain further insight into the mode of action of 1-NOA, the
effect of 1-NOA, 2-NOA, and NPA on the accumulation of
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[PHINAA was investigated in BY-2 cells treated with BFA.
The inhibitors were added to the cells after pre-treatment
with 10 uM BFA. Similarly to the previous experiments with
in-flight additions of NPA, both 1-NOA and NPA increased
the accumulation of PH]NAA in cells pretreated with BFA;
in contrast, 2-NOA had no additional effect (Fig. 3C).

These results provide further evidence for the role of the
putative auxin influx inhibitor 1-NOA in modulating the
auxin efflux carrier(s) activity. Moreover, they indicate that
this inhibition is independent of anterograde membrane
trafficking, suggesting either a direct influence on efflux
carrier activity and/or their enhanced endocytosis.

NOAs affect subcellular distribution of AUX1, PIN1, and
ABCB4

To determine whether the putative auxin influx inhibitors
can influence the distribution of AUX1 or PINI1 proteins,
XVE::EYFP:AUXI or XVE::PINI:GFP constructs were
expressed in tobacco BY-2 cells. After 24 h induction with
B-estradiol (1 pM), the plasma membrane fluorescence of
PINI1:GFP or EYFP:AUXI1 fusion proteins was observed
and no vesicles in the cortical cytoplasm were seen (Fig. 4A,
E). After a subsequent 3 h in the presence of 20 uM 1-NOA,
both PIN1:GFP (Fig. 4B) and EYFP:AUXI1 (Fig. 4F) were
observed in vesicles reminiscent of endosomes and located
in the cortical cytoplasm. Similar treatment with 2-NOA
induced these patches as well, but the effect was weaker
(Fig. 4C, G). A 3 h exposure to 20 pM CHPAA did not
induce any redistribution (Fig. 4D, H), although patches
were occasionally observed in a few cells (data not shown).
NOA-induced vesicles of EYFP:AUX1 and PIN1:GFP did
not show any movement, and partially colocalized with the
membrane-selective endocytic tracer FM 4-64 as shown for
EYFP:AUXI1 in Supplementary Fig. SI at JXB online.
Furthermore, the localization of another plasma membrane
auxin transporter ABCB4, reported to be more stable in the
plasma membrane (Titapiwatanakun and Murphy, 2009),
after NOA treatment was different. ABCB4 proteins
(PGP4:GFP) appeared only after 24 h in a form of few
membrane aggregates (Fig. 41-L).

These results show that both NOAs (1-NOA being more
effective) can induce the formation of endosomes containing
auxin carriers. At least partly this may be the reason for the
decrease in auxin influx or efflux after the 1-NOA or
2-NOA treatments.

Long-term treatment with NOAs affect processes of
membrane trafficking, leading to disruption of the
polarity of cell division

To address the consequences of the effects of NOA, BY-2
cells transformed with XVE::EYFP:AUXI] or XVE::
PINI:GFP constructs were incubated for 24 h with 1-NOA,
2-NOA, or CHPAA at 20 uM concentration, two times
higher than that used for the cell phenotypic study. The
most remarkable effect was disruption of cell plate forma-
tion (Fig. 5; see Supplementary Fig. S2 at JXB online). The

0T0Z ‘2 AInc uo Aq 6o sjeulnolpiojxo’gxly:dny wouy papeojumoq


Supplementary Fig. S5
Supplementary Fig. S5
http://jxb.oxfordjournals.org

>~
i
g9)
i)
@)
[aa]
g9)
4+
=i
<P]
=
—
<P]
aF
=
=
Gy
o
e
=i
~
=
@)
—

v i e e ok dijleniam allls Seinq)

6 of 10 | Lankova et al.

PIN1
control

AUX1
control

.

control

Fig. 4. The effects of the putative auxin influx inhibitors on subcellular distribution of PIN1:GFP, EYFP:AUX1, and ABCB4:GFP fusion
proteins in tobacco BY-2 cells. (A, E, I) non-treated controls. The effects of 1-NOA (20 uM, 3 h) (B), 2-NOA (20 uM, 3 h) (C), and CHPAA
(20 uM, 3 h) (D) on the subcellular distribution of PIN1:GFP. The effects of 1-NOA (20 uM, 3 h) (F), 2-NOA (20 uM, 3 h) (G), and CHPAA
(20 uM, 3 h) (H) on the subcellular distribution of EYFP:AUX1. The effects of 1-NOA (20 uM, 24 h) (J), 2-NOA (20 uM, 24 h) (K), and
CHPAA (20 uM, 24 h) (L) on the subcellular distribution of ABCB4:GFP. Single confocal sections through the cortical cytoplasm (C,
Apochromat x40 1.2 W water immersion objective with a 1 Airy Unit pinhole). Scale bars, 10 um.

cell plate did not expand in the normal centrifugal manner,
but often had a problem with the correct anchorage in the
parental plasma membrane, leading to apolar cell division
(Fig. 5B, C for AUXI1 and F, G for PIN1) or even incom-
plete cell plates. Treatments with CHPAA did not affect the
polarity of cell division at all (Fig. 5D, H). Interestingly,
when the concentration of the inhibitors was further
increased to 50 puM, the changes in the dynamics of the
membrane appeared to be too extensive and after 48 h in 1-
NOA and 2-NOA the overall fluorescence of EYFP:AUX1
and PIN1:GFP decreased substantially (see Supplementary
Fig. S3B, C, F, G at JXB online). These cells were not
dividing (data not shown). In contrast to 1-NOA or 2-
NOA, a 48 h exposure to 50 uM CHPAA had only a weak
effect on the AUXI1 or PINI1 signals (see Supplementary
Fig. S3D, H at JXB online).

These experiments indicate that treatments with increased
concentrations of 1-NOA and 2-NOA completely block
the dynamics of membranes, with subsequent detrimental
effects on cell division. By contrast, similar treatments with
CHPAA had no such dramatic effects, suggesting either
shifted efficiency of this inhibitor or different mode of its
action.

Discussion

Previously, Delbarre e al. (1996) described the specificity of
cellular auxin uptake and efflux towards the auxins IAA,
NAA, and 2,4-D using suspension-cultured cells of tobacco
cv. Xanthi XHFDS. Using the same system to screen for
compounds structurally similar to IAA and competing
for the auxin influx carrier, 1-NOA and CHPAA were
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characterized as inhibitors of active auxin influx (Imhoff preferential substrate for active auxin efflux which is, how-
et al., 2000). It was further shown that 2-NAA inhibits ever, taken up into cells only passively (Delbarre ef al.,1996;
auxin influx carriers, but that it might also affect the auxin Petrasek er al, 2003). As expected, neither 2-NOA nor
efflux activity (Delbarre et al, 1996; Imhoff er al, 2000). CHPAA had any significant effect on the accumulation of
Frequent use of these compounds for physiological and this auxin in BY-2 cells in contrast to the application of 1-
developmental studies postulated the need to understand NOA, which significantly increased its accumulation. This
modes of action of particular auxin transport inhibitors. unexpected finding suggests that 1-NOA also influences
Our study was aimed at the mode of action of inhibitors of auxin efflux. Thirdly, the contrasting effects of 1-NOA com-
carrier-mediated auxin influx using the well-established pared with 2-NOA or CHPAA also appeared in the accum-
model for the auxin transport studies on cellular level, ulation of [PHJIAA (data not shown), which as a natural
tobacco BY-2 cells (Petrasek er al., 2006). auxin is a good substrate for both auxin influx and efflux
The effect of all three inhibitors, similarly to Xanthi carriers. In this case 1-NOA had only a relatively minor
tobacco cells (Imhoff er al., 2000), reduced the activity of impact on the accumulation of [PHJIAA, again suggesting
auxin influx carriers in the tobacco BY-2 cells. This was its action on both auxin influx and efflux carriers. The
demonstrated firstly by decreased accumulation of [PH]2,4- fourth piece of evidence for the action of 1-NOA on auxin
D, which is a preferential substrate for auxin influx carriers efflux came from our experiments with NPA, an established
in tobacco cells. However, in contrast to 2-NOA and inhibitor of auxin efflux. NPA was able to increase accum-
CHPAA, it was found that 1-NOA was less effective in ulation of PHJNAA in the presence of 2-NOA. Conversely,
reducing [’H]2,4-D accumulation. Secondly, significant in the presence of 1-NOA the accumulation of PH]NAA did
differences were also found in the effects of 1-NOA, 2- not change significantly after in-flight application of NPA.
NOA, and CHPAA on the accumulation of ['H]NAA, a In this case, the auxin efflux carriers may have already been
blocked by 1-NOA before the application of NPA, again
supporting the idea that 1-NOA has a significant impact on
AUX1 . ..

cattre] . the auxm.efﬂux activity. ' ‘ '
S 4 Collectively, these four pieces of evidence point to the
- \ - conclusion that 1-NOA, in contrast to 2-NOA and
. ' CHPAA, also influences auxin efflux (besides the auxin
influx). Interestingly, there are differences in the molecular
structure of 1-NOA and the other two inhibitors (Fig. 6).
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Fig. 5. Long-term treatments of EYFP:AUX1 or PIN1:GFP to-
bacco BY-2 cells with the putative auxin influx inhibitors. (A, E)
non-treated controls. The effects of 1-NOA (20 uM, 24 h) (B), 2-
NOA (20 uM, 24 h) (C), and CHPAA (20 pM, 24 h) (D) on cell
division in BY-2 cells transformed with the EYFP:AUXT construct.
The effects of 1-NOA (20 uM, 24 h) (F), 2-NOA (20 uM, 24 h) (G),
and CHPAA (20 uM, 24 h) (H) on cell division in BY-2 cells
transformed with the PIN7:GFP construct. Single confocal sections  Fig. 6. Molecular structure of synthetic auxin influx inhibitors 1-
through the perinuclear region (C, Apochromat x40 /1.2 W water NOA, 2-NOA, and CHPAA. Blue, carbon; red, oxygen; white,
immersion objective with a 1 Airy Unit pinhole). Scale bars, 20 um.  hydrogen; green, chlorine.
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All three molecules share typical features of auxin influx
inhibitors. However, in contrast to 2-NOA and CHPAA,
the shape of the 1-NOA molecule is not linear because of
the position of the side-chain in relation to the fused
aromatics rings. It is speculated that this unique structural
feature of the 1-NOA molecule may be responsible for the
observed physiological effects, suggesting a distinct interac-
tion with the plasma membrane or other membranes.

To elucidate the mechanism of how 1-NOA may affect
the activity of auxin efflux carriers, experiments were
performed with BFA. Generally, BFA application leads to
inhibition of anterograde protein trafficking so that the
plasma membrane pool of auxin efflux carriers of the PIN
family (and some other proteins) is reduced (Geldner et al.,
2001). Major auxin influx carriers of the AUX1/LAX family
were shown to be much less sensitive or almost insensitive
to BFA (Kleine-Vehn ez al., 2006). In BFA-treated BY-2
cells, 2-NOA had no effect on NAA accumulation, whereas
both 1-NOA and NPA increased auxin accumulation. It
seems that 1-NOA and NPA act independently of BFA-
dependent vesicle trafficking processes and so their effect(s)
are additive to the effect of BFA alone. It could be con-
cluded that 1-NOA either directly affects the auxin efflux
carrier activity and/or somehow stimulates endocytosis; this
would result in the depletion of the carriers from the plasma
membrane and, consequently, in the reduction of auxin
efflux. To test this hypothesis, it was necessary to follow the
dynamics of membrane vesicles containing either the auxin
influx carrier (AUX1) or the auxin efflux carrier (PIN1)
directly.

Advantage was taken of the system of [-estradiol-
inducible expression of fluorescently tagged fusion proteins
in tobacco BY-2 cells. Upon induction of gene expression in
control cells, the EYFP:AUXI1 and PIN1:GFP signals were
localized at the plasma membrane. No changes have been
observed after 30 min treatment with inhibitors (see Sup-
plementary Fig. S4 at JXB online). Surprisingly, after 3 h
and more with 1-NOA both PIN1 and AUXI1 were grad-
ually redistributed into vesicles in the cortical cytoplasm,
whereas 2-NOA was much less effective and CHPAA
almost ineffective. However, more patches were observed
after increasing the concentration of 2-NOA, but the effect
was not very homogenous. In the population, there were
always cells with stronger and weaker response. In contrast,
increasing concentrations of CHPAA did not increase the
number of patches formed (data not shown) pointing to the
fact that CHPAA is probably the most reliable auxin inhi-
bitor already acting at low concentrations and having the
effect on the auxin influx carrier as depicted in the scheme
(see Supplementary Fig. S5 at JXB online).

The colocalization of EYFP:AUXI1 with the endocytic
tracer FM 4-64 confirmed that the observed vesicles are at
least partly of plasma membrane origin. Although the
subcellular trafficking of AUX1 and PIN1 follows distinct
pathways (Kleine-Vehn et al, 2006), 1-NOA could affect
the subcellular distribution of both carriers by acting
upstream of these pathways, probably by changing the
composition of plasma membrane. It has been suggested

that 1-NOA could influence sterol composition of the
membrane, which could lead to aberrant AUX]1 targeting
and influence the polar localization of PIN1 in Arabidopsis
roots (Kleine-Vehn et al., 2006). It was also shown that 1-
NOA was effective in reducing the responses to 2,4-D in
wild-type Arabidopsis but had no effect in hydl and hyd2/fk
mutants, which are defective in genes encoding A8-A7 sterol
isomerase and sterol C14 reductase, respectively (Souter
et al., 2002). Thus, there may be a link between potential
effects of 1-NOA on sterol composition in the plasma
membrane and consequent defects in AUX1 targeting that
lead to aggregation of AUX1 (Kleine-Vehn ef al., 2006).

The fact that NOA was not able to induce fast re-
distribution of ABCB4 (as observed for AUX1 and PIN1)
and that this ABCB4 appeared in membrane aggregates
after longer treatment suggests a membrane composition-
dependent NOA effect. The most important in this respect
seems to be sterol composition, namely the presence of
sterols and sterol-associated proteins (Borner e al., 2005);
since ABCB4 was reported to be present in these compart-
ments (Titapiwatanakun and Murphy, 2009), thus the
ABCB4 could be more resistant to 1-NOA treatment.

The changes in the polarity of cell division, visible after
long-term treatment with NOAs, point also to the general
effect of both 1-NOA and 2-NOA on the plasma membrane
dynamics. As shown by Dhonukshe er al. (2006) the cell
plate is mainly derived from the cell surface material (cell
wall components and plasma membrane proteins); there-
fore, disruption of cell plate formation seems to be caused
by defects in the plasma membrane. Moreover, the effect of
NOAs on the polarity of cell plate formation and cell
polarity establishment point to the possible involvement of
actin filament dynamics that has been reported to reflect the
changed levels of auxin (Maisch and Nick, 2007; Nick et al.,
2009).

In contrast to our results, Kleine-Vehn ez al (2006) did
not observe any effects of high concentration of 1-NOA on
the trafficking of PIN1 and AUXI1 in Arabidopsis roots. It is
speculated that, in contrast to the complex tissue of the
root, the effect in single tobacco BY-2 cells may be more
robust and readily visible, and thus redistribution of the
carrier was observed even with a much lower concentration
of the inhibitor.

Increased concentrations of 1-NOA and 2-NOA com-
pletely blocked the dynamics of membranes, with sub-
sequent detrimental effects on cell division. In contrast, no
such dramatic effects were seen following treatment with
CHPAA, which therefore appears to be the most reliable
auxin influx inhibitor that already acts at low concentra-
tions and has no obvious influence on membrane dynamics.

Nevertheless, the possibility that higher concentrations of
the inhibitors tested could affect vesicles that are trans-
ported towards the plasma membrane by a mechanism
dependent on actin dynamics (Dhonukshe et al, 2008)
cannot be excluded.

The analysis of the phenotype and growth of the tobacco
BY-2 cells revealed distinct effects of 1-NOA compared
with 2-NOA and CHPAA. The action of 1-NOA resulted in
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decreased cell division activity and in increased cell
elongation. These defects could also possibly be attributed
to a decreased dynamics of the plasma membrane and an
observed ‘auxin starvation’ phenotype might be of second-
ary character. Interestingly, auxin influx inhibitors 2-NOA
and CHPAA decreased the accumulation of [*H]2,4-D (see
Fig. 2), a good substrate for auxin influx carriers and their
application even slightly stimulated cell division. This is
consistent with the finding that their action might stimulate
the synthesis of endogenous auxin, as reported after auxin
deprivation in another tobacco cell line VBI-0 (Zazimalova
et al., 1995). Although 10 uM NPA had no significant
effect in the experiments performed under conditions used
in this study, at higher concentrations it may produce
defects in the polarity of cell division in tobacco BY-2 cells
as well as in another auxin-dependent tobacco cell line
VBI-0 (Dhonukshe et al, 2005; Petrasek er al, 2002,
respectively).

The effects of auxin transport inhibitors are summarized
in the scheme shown in Supplementary Fig. S5 at JXB
online. It also highlights the importance of the rate of the
particular vesicle trafficking process that may determine
the extent of the action of 1-NOA, 2-NOA, and CHPAA on
the membrane dynamics. The potential importance of the
distinct sensitivity of the membrane domains containing
particular transport proteins to the action of inhibitors
cannot be excluded. Generally, our results point to the so
far unknown effect on vesicle trafficking of the putative
auxin influx inhibitors.
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6.5. Chapter 5 - Arabidopsis ABCB4 is a substrate-activated homeostatic regulator of

auxin levels in Arabidopsis roots
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This article is based on collaboration between Dr. Eva ZaZimalova and Dr. Angus S.
Murphy/Wendy A. Peer laboratories. The main message of this paper is the suggestion of
mechanism, where ABCB4 gradually changes its auxin uptake to auxin efflux activity with
increasing auxin levels. Moreover, we confirm that 2,4-D is transported by ABCB4 not only into
the cells but also partially out from the cells and non-competitively interacts with ABCB4 to
block its auxin efflux activity. This inhibition might be responsible for the effectiveness of 2,4-D

as a commercial herbicide.

My contribution to this article was in the transformation of BY-2 cells with
ABCB4::ABCB4:GFP construct, characterization of this cell line including expression analyses
(immunofluorescence localization), analysis of cell phenotype, determination of cell growth
curve, accumulation assays using radiolabeled (*H-2,4-D, *H-BeA, "H-IAA and *H-NAA) and
cold (2,4-D, TAA, NAA) auxins, and auxin transport inhibitors (2-NOA, NPA).

Expression of ABCB4-GFP in BY-2 cells produces phenotypes consistent with auxin efflux (Fig.
4A), but no cell elongation like in ABCB19 or PIN1 cells was observed (Fig. 4B). PM
localisation of ABCB4-GFP is mainly non-polar compared to PIN1-GFP (Fig. 4C). Decrease in
transversal localisation may be a consequence of faster lateral diffusion or trafficking of ABCB4
compared to PIN1-GFP as indicated by FRAP analysis (Fig. 4D). ABCB4-overexpressing cells
exhibit increased *H-NAA net uptake after NPA treatment (Fig. 5A), suggesting that ABCB4 has
also NPA-sensitive efflux activity. Further, these cells showed only a slight decrease in net *H-
BeA retention (Fig. 5B), but cold BeA did not compete with *H-NAA or *H-IAA transport (Fig.
5C). Cold oxIAA did not compete with *H-IAA in control or ABCB4-GFP cells (Fig 5E, F). 2-
NOA decreased the net uptake of *H-2,4-D in control and PIN1-expressing cells, but had a lesser
effect on the accumulation of 2,4-D in ABCB4-overexpressing cells (Fig. 7B). However, 2,4-D
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uptake was enhanced in cells expressing ABCB4 after background auxin uptake was blocked
with 2-NOA (Fig. 7C), suggesting a non-competitive interaction of 2,4-D with the ABCB4-based
auxin efflux activity. This notion was further supported by the fact that pre-treatment of cells
expressing ABCB4 with cold 2,4-D, but not cold IAA, resulted in an enhanced net uptake of *H-
2,4-D (Fig. S5). An enhancement of auxin influx in BY-2 expressing ABCB4 was also observed
following addition of NPA to 2-NOA-pretreated cells. This treatment resulted in increased 2,4-D
accumulation, which is consistent with continued 2,4-D import by ABCB4 in combination with
inhibition of the weak PIN and ABCB (including ABCB4) efflux activity (Fig. 7D). Hereafter,
we observed gradual reversal activity of ABCB4 during *H-IAA accumulation (Fig. S6).

Our part of the work was supported by the Ministry of Education, Youth and Sports of the Czech

Republic, project LC06034, and by the Grant Agency of the Czech Republic (project
P305/11/0797).
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Summary

Arabidopsis ATP-binding cassette B4 (ABCB4) is a root-localised auxin efflux transporter with
reported auxin uptake activity in low auxin concentrations. Results reported here indicate that
ABCBA4 is a substrate-activated regulator of cellular auxin levels. ABCB4 function in shootward
auxin movement from the root apex increases with auxin concentration, but is evident in
regulating root hair elongation at lower concentrations. ABCB4 plasma membrane (PM)
localisation at the root apex is relatively insensitive to changes in auxin concentration, but is
decreased by treatment with 1-naphthylphthalamic acid (NPA). ABCB4,,.ABCB4-GFP is
partially internalised in all cell types by 0.05% DMSO, but not 0.1% ethanol. In trichoblasts,
ABCB4,,,:ABCB4-GFP PM signals are reduced by >200 nM indole-3-acetic-acid (IAA) and 2.,4-
dichlorophenoxyacetic acid (2,4-D). In heterologous systems and in planta, ABCB4 transports
benzoic acid with lower affinity, but not the oxidative catabolism products oxindole-3-acetic-
acid and 2-oxindole-3-acetyl-B-D-glucose. ABCB4 mediates uptake, but not efflux, of the
synthetic auxin 2,4-D in cells lacking AUX1 activity. Results presented here suggest that 2,4-D
is a non-competitive inhibitor of ABCB4, and modelling of 2,4-D docking with ABCB4 supports
the binding of 2,4-D to a unique binding site that would inhibit efflux and indicates that ABCB4
is a target of 2,4-D herbicidal activity.
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Introduction

ATP-binding cassette class B (ABCB) transporters are found in all eukaryotic phyla and have
diversified to mobilise a wide range of substrates. Three Arabidopsis members of the family,
ABCBI, 4 and 19, transport the phytohormone auxin and function primarily in auxin export and
exclusion from the plasma membrane (PM) (reviewed in Titapiwatanakun and Murphy, 2009).
ABCBI and 19 constitute an independent auxin transport system that functions primarily in the
loading and maintenance of long distance rootward auxin transport streams that contribute to
vegetative development and tropic responses, but not early development or organogenesis
(reviewed in Zazimalova and Murphy et al., 2010).

ABCB4/PGP4 is a root-specific ABCB transporter that functions in shootward epidermal
transport of auxin from the root apex, conditional regulation of primary and lateral root
elongation, and regulation of auxin movement into root hair cells (Santelia et al., 2005; Terasaka
et al., 2005; Cho et al., 2007; Lewis et al., 2007). In root hair elongation, ABCB4 appears to
regulate export of auxin from trichoblasts, as abcb4 root hairs are longer than wild-type, and
overexpression of ABCB4 under the control of a root hair-specific promoter results in shorter
root hairs similar to those resulting from overexpression of PIN efflux transporters (Cho et al.,
2007).

The increased rates of root hair elongation observed in abcb4 are difficult to reconcile with
reports of decreased rates (30-50%) of shootward auxin transport in abcb4 roots (Terasaka et al.,
2005; Santelia, et al., 2005; Lewis et al., 2007), as those results suggest that less auxin is
available to elongating trichoblasts in abcb4 than in wild-type. However, other evidence suggests
that the abcb4 root epidermis contains sufficient auxin to stimulate enhanced root hair elongation
when ABCB4 auxin efflux activity is absent in those cells. Roots of abcb4 exhibit a slight
increase rather than the decrease in gravitropic bending rates associated with decreased
shootward auxin flows (Lewis et al., 2007). Further, although abcb4 root apices have higher free
indole-3-acetic acid (IAA) levels than wild-type (Santelia et al., 2005; Terasaka et al., 2005),
IAA levels in the abcb4 differentiation zone and mature lower root are similar to wild-type
(Terasaka et al., 2005; Peer and Murphy, 2007). As increases in ABCB4 expression after auxin
treatment are not evident during the timecourse of shootward auxin transport experiments in
roots (Terasaka et al., 2005), ABCB4 appears to be regulated by post-transcriptional processes.
ABCB4 efflux activity is directly activated by auxin levels. There are several lines of evidence
that support this hypothesis. 1) Free IAA levels are significantly increased in the abch4 root apex
where auxin levels are normally the highest, while little or no difference is observed in tissues
where auxin levels are normally lower (Terasaka et al., 2005). 2) Lateral and primary root

elongation phenotypes in abcb4 are highly dependent on growth conditions and generally
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correlate with conditions that increase endogenous auxin levels (Terasaka et al., 2004; Santelia et
al., 2005; Lewis et al., 2007). 3) Altered DR5revpro:GFP signals in abcb4 are only observed in
graviresponding roots where auxin levels are increased in the elongation zone (Lewis et al.,
2007). 4) Reductions in auxin transport in abcb4 roots reported in radioisotope tracer and ion
selective electrode assays appear to increase proportionately to the amount of auxin applied
(Terasaka et al., 2005; Santelia et al., 2005; Lewis et al., 2007; Peer and Murphy, 2007).
Experiments in heterologous systems also support direct induction of ABCB4 export by
threshold concentrations of IAA. In mammalian and yeast cells, ABCB4 expression results in
increased net influx of IAA at low concentrations (10-60 nM) over short periods of time, but
produces net efflux when intracellular IAA levels increase (Terasaka et al., 2005; Yang and
Murphy, 2009). Overexpression of ABCB4 in tobacco BY-2 cells was reported to enhance 1-
naphthalene acetic acid (NAA) efflux (Cho et al., 2007). However, NAA is taken up more
readily than IAA by plant cells as it bypasses carrier-mediated uptake mechanisms via passive
diffusion (PetraSek et al., 2006), and BY-2 cells are routinely cultured in micromolar
concentrations of the synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D). As such, sub-
threshold intracellular auxin levels may be difficult to achieve in this system.

ABCB4 may also transport compounds other than IAA in Arabidopsis roots. ABCB4 exhibits
sequence homology with the alkaloid uptake transporter C;]MDR1/ABCBI1 from Coptis japonica
(Shitan et al., 2003) and is associated with a clade that is phylogenetically distinct from the
ABCBI and 19 auxin transporters (Kndller et al., 2010). ABCB4 transport appears to be
biochemically distinct from ABCBI and 19 as well, since expression of ABCB4, but not ABCB1
or 19, in Schizosaccharomyces pombe resulted in benzoic acid export at levels even greater than
IAA (Yang and Murphy, 2009). Further, metabolomic analyses of root exudates from abcb4
detected decreases in a root exudate compound (Mr 186) that does not correspond to IAA or
known IAA catabolites (Badri et al., 2008). Other ABCBs outside the ABCB1/19 clade may also
be mixed affinity transporters, as the malate/citrate transporter ABCB14 has recently been
implicated in modulation of auxin transport (Kaneda et al., 2011).

ABCB models based on high resolution crystal structures from other species (Yang and Murphy,
2009; Dawson and Locher, 2006; Aller et al., 2009) predict that ABCB4 has a canonical ABCB
protein organisation consisting of two transmembrane and two nucleotide-binding domains
(TMDs, NBDs) in the “twisted” TMD-NBD structure associated with eukaryotic ABC exporters
(Hollenstein et al., 2007; Kos and Ford 2009; Rees et al., 2009). Substrate docking simulations
identified an additional high-probability TMD binding site for auxin molecules in ABCB4 that is
not found in the ABCB1/19 auxin efflux transporters (Yang and Murphy, 2009). Without IAA
bound to this site, the model predicted IAA transfer into the PM cytoplasmic leaflet and
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subsequent anionic trapping in the cytosol, whereas IAA binding would enhance the efflux
activity of the protein. In support of this mechanism, 2,4-D, which was predicted to occlude this
site, was experimentally shown to non-competitively inhibit ABCB4 auxin efflux (Yang and
Murphy, 2009).

Here we re-examine ABCB4-mediated auxin transport in Arabidopsis roots, BY-2 cells, and S.
pombe and provide evidence that ABCB4 functions as a homeostatic switch on the plasma
membrane for regulation of cellular auxin levels. We show that substrate regulation of ABCB4 is
initially a direct effect on the protein that precedes subsequent alterations in membrane
localisation. We show that ABCB4 is activated by the primary auxin catabolite oxindole-3-acetic
acid (oxIAA), but does not export this compound. Finally, we confirm that ABCB4 enhances
2,4-D uptake, but not efflux, and that this activity is likely to contribute to the herbicidal effects
of 2,4-D.

Results

ABCB4 expression

Primary root and root hair elongation phenotypes of abch4 mutants vary with growth conditions
(Teresaka et al., 2005; Santelia et al., 2005; Cho et al., 2007). Quantitative real-time PCR (qRT-
PCR) and microarray data indicate that ABCB4 expression is regulated by light and, to a much
lesser extent, sucrose (Fig. S1). Etiolated seedlings shifted to light showed >2-fold reduction in
ABCB4 expression, while transfer to darkness or dim light increased expression (Fig. SI).
However, no change in localisation or intensity of ABCB4,,,: ABCB4-GFP signals was detected
in the root tip up to the elongation zone with different light treatments (see below). Variation of
mineral nutrients had no effect on abchb4 phenotypes or ABCB4,.,:ABCB4-GFP signals,
although < 2 uM Fe inhibited root hair extension in both wild-type and abcb4. Exogenous
treatment with IAA only slightly increased ABCB4 expression, although 2,4-D treatment
increased ABCB4 expression ~3-fold after Sh (Terasaka et al., 2005; Fig. S1). Based on these
results, the experiments reported here utilised seedlings grown in 100 uE m™ s light on 1/4 MS

salts, 0.5% sucrose and transferred to dim light unless noted.

1AA stimulation of ABCB4-mediated shootward auxin transport in the root apex

A combination of activities contributes to auxin transport at the root tip, and auxin transport
mutant phenotypes are consistent with transporter distribution and function (reviewed in Petrasek
and Friml 2009; Zazimalova and Murphy et al., 2010). Loss of AUX1 function abolishes root
gravitropic growth and reduces root hair formation (Bennett et al., 1996, Yamamoto and

Yamamoto, 1998), loss of PIN2 and, to a lesser extent, PIN3, inhibits gravitropic bending
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(Vieten et al., 2005; Abas et al., 2006), loss of ABCB1 and ABCB19 results in highly variable
root gravitropic growth (Noh et al., 2003), and loss of ABCB4 results in variable elongation
growth (Terasaka et al., 2005), altered root hair elongation (Santelia et al., 2005; Cho et al.,
2007), and slightly increased root gravitropism (Lewis et al., 2007).

In the nanoscale experimental system used in our lab to monitor shootward auxin transport from
the root apex, a 10nL droplet of 1 pM “H-IAA (10 fmol) is placed on either the root
cap/columella or over the quiescent centre (QC) of the root (Peer and Murphy, 2007). For the
experiments described here, the 1 pM *H-IAA was diluted with an equal part of 0.1% ethanol or
10 uM (100 fmol) cold TAA and administered in a 20 nL droplet overlaying the columella and
QC to assess the contribution of AUX1, PIN2, ABCB1, ABCB4, and ABCB19 to shootward
flows from the root apex (Fig. 1A). Assays were conducted in a gas exchange chamber to
eliminate effects of ethylene accumulation (columella placement and ethylene controls are
shown in Fig. S2A, B).

Reductions in 3H-TAA transport were observed in aux!, pin2, abcbl, and abcb4, but not abcb19
in the assays shown in Fig. 1A. Although the *H-IAA transport decrease in aux! and abcbhl9 was
less than expected (P<0.05; Fig. 1A), aux] and abcb19 exhibited a greater decrease in shootward
*H-IAA transport compared to wild-type when the droplet was limited to the columella region or
when ethylene was added to the system (P<0.05; Fig. S2A, B). An ABCB4 overexpression line
with higher ABCB4 expression levels in the root (Terasaka et al., 2005; Cho et al., 2007)
exhibited shootward *H-IAA transport non-different from wild-type (P>0.05).

Shootward *H-IAA transport was reduced in wild-type when the equal part of 0.1% ethanol in
the 20 nL droplet was replaced with 10 uM cold TAA (P<0.05; Fig. 1A), suggesting that the cold
IAA competed with transport of the radiotracer or suppressed its transport in some other manner.
By far, the greatest competitive reduction in auxin transport was seen in the abcbh4 loss-of-
function mutant, implying that increased auxin application inhibited ABCB4 transport less than
AUXI1, PIN2, and the other ABCBs. A lack of competitive inhibition of shootward auxin
transport observed in an ABCB4 overexpressor (ABCB40X) (P<0.05; Fig. 1A) suggests that
ABCB4 is non-transcriptionally activated by increased auxin levels. In support of this
interpretation, ABCB4,,,;ABCB4-GFP signals decreased very slightly after a 1X nanoscale IAA
application (Fig. 1B), and no further signal change was observed with increasing IAA
application.

Transport assays were repeated in wild-type, pin2, and abcb4 utilising increasing amounts of
*H-IAA in a 30nL droplet to maintain ethanol concentrations at 0.1% (Fig. 1C). Reductions in
auxin transport observed in pin2 were consistent across all "H-IAA amounts applied. However,

significant reductions in *H-IAA transport compared to wild-type (P<0.05) were not observed in
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abcb4 until >25 fmol was applied and only reached the 30-50% reductions previously reported at
50 fmol and above (R*=0.96, 0.95, 0.85 for Col-0, pin2, abchb4, respectively; Fig. 1C).

Short-term (1h) root tip incubation with radiolabelled compounds has previously been used to
assess the role of the ABCG36/37 transporters in uptake of *H-IAA, indole-3-butyric acid (IBA),
and benzoic acid (BeA) (Razicka et al., 2010). This method was adapted to measure uptake of
*H-IAA for 15 or 30 minutes with the addition of 100 nM cold IAA to the incubation mixture in
wild-type and abcb4. After 15 minutes, net accumulation of *H-IAA was lower than wild-type in
abcb4 root tips and higher in ABCB4 overexpression lines (P<0.05; Fig. 1D). However, after 30
minutes, this trend was reversed with slightly increased net accumulation observed in abcb4 and
decreased net accumulation in the ABCB4 overexpression line (P<0.05; Fig. 1D). These results
support a model where ABCB4 mediates uptake of low concentrations of IAA, but exports IAA

as intracellular levels increase.

ABCB4 regulation of root hair length

It is difficult to reconcile decreased shootward auxin delivery to the root differentiation/
maturation zone with evidence that ABCB4-mediated auxin efflux activity inversely correlates
with root hair length (Cho et al., 2007). However, free IAA levels in a 2 mm segment containing
the differentiation/ maturation zone where root hair elongation is particularly pronounced in
abcb4 (starting 1.5 mm above the root apex) were equal to or even slightly greater than those in
equivalent segments from wild-type roots (Fig. 1E). This suggests that auxin supply to
trichoblasts in abch4 is sufficient for root hair elongation and that ABCB4 limits auxin
movement out of the elongation zone as previously proposed (Terasaka et al., 2005).

Consistent with ABCB4 regulation of auxin levels in root hairs, addition of 10 nM TAA to the
media resulted in increased root hair elongation in both wild-type and abcb4, although root hairs
were still significantly longer in abcb4 (P<0.05, Fig. 2A). As reported previously (Santelia et al.,
2005), treatment with a higher concentration (50 nM) of IAA completely eradicated the growth
difference between wild-type and abcb4, and higher IAA concentrations (up to 1 uM) inhibited
root hair elongation in both lines (Fig. 2A). Attempts to correlate growth with direct or indirect
auxin quantitations in root hairs were unsuccessful, as free IAA levels in root hairs collected by
vacuum could not be reliably normalised and DR5rev,,.,:GFP signals could not be detected in
wild-type or abch4 trichoblasts. Further analyses of root hair-specific growth responses utilising
expression of ABCB4 driven by the Expansin A7 (PE7) promoter (Cho and Cosgrove, 2002; Cho
et al., 2007) was not pursued, as, in our hands, weaker PE7:GUS and GFP fusion signals were

observed in atrichoblasts.
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ABCB4 expression in trichoblast-forming epidermal cells is initially low, increases as the root
hair elongates, and then decreases after elongation ceases (Fig. S3). Under the growth conditions
used in the assays described here (3d light-grown seedlings acclimated to 20 pmol m™ s light
for 24h before and during assays), elongated root hairs were readily observed in abch4 in a
region starting 1.5 mm above the root apex (Fig. 2B). Examination of an ABCB4pro:ABCB4-
GFP line (Cho et al., 2007) confirmed that, unlike AUX1, which is not expressed in trichoblasts
(Jones et al., 2009), PM-localised ABCB4 is observed in all epidermal cells (Fig. 2C). The PM-
localised ABCB4-GFP signal intensified slightly as root hairs began to form and extended with
the root hair during all subsequent stages. Attempts to discern whether intracellular signals
observed in root hairs were a result of ABCB4-GFP secretion using cycloheximide were
unsuccessful, as cycloheximide completely inhibited root hair tip growth. However, FRAP
analysis detected rapid restoration of signal to the PM, suggesting that these signals represented
anterograde trafficking.

Like ABCB19, ABCB4 has been shown to exhibit stable membrane localisation and resistance
to BFA (Cho et al., 2007; Wu et al., 2007; Titapiwatanakun et al., 2009). In the proximal
elongation and maturation zones, PM ABCB4-GFP signals decreased slightly after treatment
with 20-100 nM TAA or 2,4-D (Fig. 2D) and decreased substantially after 6h of treatment with 1
uM IAA or 2,4-D (Fig 2G,H). Auxin treatment also produced an increased intracellular signal
not associated with endomembrane compartments nor in the control (Fig. 2C,D). Presumably this
signal represents free GFP, as post transcriptional inactivation of ectopically-overexpressed
ABCB4 and proteolytic truncation of the ABCB4 C-terminus have been reported previously
(Terasaka et al., 2005; Geisler et al., 2003; Titapiwatanakun et al., 2009).

ABCB4-GFP seedlings grown in continuous elevated light (100 umol m? s™) exhibited very
weak signals in trichoblasts, but signals in the atrichoblast PM were greatly increased (Fig. 2E).
These results suggest that studies of root hair elongation in response to low concentrations of
auxins in dim light are likely to primarily reflect effects on ABCB4 transport activity, not protein
localisation/abundance. However, they also underscore the sensitivity of these assays to light
conditions and auxin levels.

Solvent control experiments also revealed a sensitivity of ABCB4 membrane localisation to low
concentrations of dimethyl sulfoxide (DMSO). Substantial internalisation of both N- and C-
terminal GFP fusions of ABCB4 were observed after treatment with 0.05% DMSO (Fig. 2F.I).
Presumably this is a result of dissociation of ABCB4 from hydrophobic membrane domains
(Borner et al., 2005; Titapiwatanakun et al., 2009) as a result of introduction of water molecules

at points of lipid-protein interaction (Notman et al., 2006). As a result, all assays of ABCB4
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activity in Arabidopsis, BY-2 cells and S. pombe described herein were conducted with low

auxin concentrations and compounds solubilised in ethanol.

PM localisation of ABCB4 is sensitive to NPA and high auxin concentrations

A standard inhibitor used in analyses of auxin transport is the efflux inhibitor 1-
naphthylphthalamic acid (NPA) (Rubery, 1990; Muday, 2001). However, functional secretion of
ABCB19 and ABCB4 out of the ER requires the immunophilin-like chaperone FKBP42/TWDI,
and ABCB secretion is inhibited by overnight treatment with NPA which interrupts TWD1-
ABCB interactions (Geisler ef al., 2003; Bouchard et al., 2006; Rojas-Pierce et al., 2007; Wu et
al., 2007, 2010). Treatment of ABCB4-GFP transformants with 10 uM NPA (5h) resulted in
ABCB4-GFP localisation to intracellular inclusions similar to those seen in the twdl-3
background (Fig. 2J,K). These results suggest that it would be difficult to differentiate between
direct and indirect NPA effects on ABCB4-mediated efflux, so NPA was not utilised in any of

the Arabidopsis growth and transport studies described herein.

oxIAA is not an ABCB4 transport substrate

Previously, ABCB4 was shown to transport benzoic acid (BeA) when expressed in S. pombe
(Yang and Murphy, 2009). In root tip net uptake assays, "H-BeA uptake in wild-type, abcb4, and
the ABCB40X was similar at 15 min, but was increased in abcb4 and decreased in ABCB40X
after 30 min (Fig. 3A). This suggested that ABCB4 may mobilise other organic acid substrates or
conjugates in addition to IAA in planta. In Arabidopsis, 2-oxindole-3-acetic acid (oxIAA) and 2-
oxindole-3-acetyl-fB-glucose (0xIAA-Gluc) are the initial oxidative products generated when
IAA is present at excessive levels (Ernstsen et al., 1987; Ostin et al., 1998), and thus are possible
substrates for a transporter that regulates physiologically-relevant cellular auxin levels. LC-MS
analysis of extracts indicated that increased levels of oxIAA and oxIAA-Gluc were generated in
the root when shoot-derived auxin streams are increased by application of increasing amounts of
*H-IAA to the shoot tip in wild-type seedlings (Fig. 3B) and oxIAA is not polarly transported
(Fig. 3C).

However, levels of oxIAA and oxIAA-Gluc in roots of abchb4 were not significantly higher
compared to wild-type (P>0.05; Fig. 3D). As would be expected, levels of oxIAA and oxIAA-
Gluc were slightly higher in abcbl and lower in abcb19 due to changes in auxin movement in
these mutants (Fig. 3D). Competition of IAA transport with oXxIAA was also analysed in assays
of shootward transport of *H-IAA from the root apex. No competitive inhibition was detected
(Fig. 3E), and oxIAA appeared to enhance *H-IAA transport as was previously described for
ABCBI (Geisler et al., 2005). A small amount of competitive inhibition of *H-IAA uptake was
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observed in yeast expressing ABCB4 (Fig. S4A), but no inhibition of efflux was observed (Fig.
S4B).

Expression of ABCB4 in BY-2 cells produces phenotypes consistent with auxin efflux

Overexpression of ABCB4 under the control of a 35S promoter has previously been shown to
enhance *H-NAA efflux in BY-2 cells (Cho et al., 2007). Expression of Arabidopsis ABCB4-
GFP in BY-2 resulted in abundance and localisation similar to that reported for 35S-driven
expression in BY-2 (Cho et al., 2007) as well as a partial inhibition of cell division compared to
untransformed cells (measured by cell density during a 7-day subculture period). This inhibition
was similar to that produced by PINI,.,:PIN1-GFP expression (Fig. 4A), but was less severe
than in auxin-starved BY-2 cells or in cells expressing Arabidopsis PIN4, PIN6, PIN7 and
ABCBI19 (Petrasek et al., 2006; Mravec et al., 2008). Further, cell elongation observed with
expression of Arabidopsis ABCB19 or PIN1 (Mravec et al., 2008) was not observed in 3-day
ABCB4-GFP cells (Fig. 4B), perhaps due to decreased transversal PM localisation of ABCB4-
GFP (Fig. 4C and Cho et al., 2007) compared to PIN1-GFP (Fig. 4C). This decrease in
transversal localisation may be a consequence of faster lateral diffusion or trafficking of ABCB4
compared to PIN1-GFP as indicated by FRAP analysis (Fig. 4D). PM abundance and localisation
of ABCB4-GFP also exhibited decreased sensitivity to IAA, NPA, and DMSO in BY-2 cells
compared to Arabidopsis (Fig. 2G,1,J, Fig. 4C), presumably due to differences in FKBP content,

membrane lipid composition, and cultivation of BY-2 cells in 2,4-D.

Auxin transport in BY-2 cells expressing ABCB4

As reported previously (Petrasek et al., 2002; 2006), PIN1 expression in BY-2 resulted in
increased *"H-NAA efflux, and NPA treatment abolished both native and PIN1-mediated efflux
(Fig. 5A). BY-2 cells expressing ABCB4,,,; ABCB4-GFP exhibited little or no significant change
in ’H-NAA (2 nM) uptake or efflux at 15 min, but did exhibit increased net uptake after NPA
treatment (Fig. 5A), suggesting that ABCB4 also has NPA-sensitive efflux activity. The weak
uptake activity could not be further analysed due to the residual lipophilic uptake of *H-NAA
observed in BY-2 cells, even after effective inhibition of AUXI/LAX transporters by 2-
naphthoxyacetic acid (2-NOA) (Lankova et al., 2010).

BY-2 cells expressing ABCB4 showed only a slight decrease in net *H-BeA retention (Fig. 5B),
but cold BeA (10 uM) did not compete with 'H-NAA or *H-IAA transport (Fig. 5C, for IAA,
data not shown). *H-IAA was selected as a more informative substrate for oxIAA competition
assays, and cold oxIAA did not compete with *H-IAA in control or ABCB4 cells (Fig 5E,F).

However, some caution is required in comparing BY-2 competition assays to those in
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Arabidopsis and S. pombe as IAA catabolism is more rapid in BY-2 (Delbarre et al., 1994),
presumably a consequence of BY-2 culture in 2,4-D as well as the required use of selective auxin
uptake and efflux inhibitors for differentiation of heterologous and endogenous auxin transport
activities in this system (PetraSek et al., 2006; Titapiwatanakun et al., 2009; Lankova et al.,
2010).

ABCB4 uptake kinetics

All of the Arabidopsis auxin transporters examined to date are at least partially functional when
expressed in the yeast S. pombe (Yang and Murphy, 2009; Razicka et al., 2010; Tsuda et al.,
2011). If ABCB4 functions as an uptake transporter at low (<50 nM) IAA concentrations,
saturation kinetics should be evident with expression of ABCB4 in this system. For comparison,
saturation kinetics for AUX1 were determined, and AUX1 exhibited uptake saturation at >2 uM
*H-IAA with an apparent Km of ~ 340 nM based on initial rates of uptake (Fig. 6A, B). This
observed Km was lower than that reported for AUX1 in Xenopus oocytes (Yang et al., 2006),
and it is likely due to cell size differences and the presence of a cell wall in S. pombe. In short
term assays, ABCB4 showed influx activity at lower IAA concentrations and ABCB4 transport
activity switched to efflux at concentrations >250 nM or with exposure to IAA for a longer
period of time (Fig. 6C, vector control in Fig. S4C). Conversion to efflux rather than
conventional saturation suggests that IAA uptake mediated by ABCB4 is an indirect effect of
transporter activity and suggests that ABCB4 could mobilise other substrates. This uptake effect
may be specific to ABCB4 and related ABCB isoforms, as no IAA uptake could be observed in
the ABCB19 auxin efflux transporter under any conditions. Western blot analysis of membrane

fractions confirmed that ABCB4 and ABCB19 proteins were expressed (Fig. S4D).

Uptake of 2,4-D by ABCB4 inhibits efflux activity

2,4-D is often used as a substitute for [AA in growth assays, as it is highly stable (Delbarre ef al.,
1996) and is poorly distributed through the plant by auxin polar transport mechanisms (Pitts et
al., 1998). This synthetic auxin is taken up via AUXI/LAX permeases (Bennett et al., 1996;
Yang et al., 2006; Yang and Murphy, 2009), was shown to be an uptake substrate for ABCB4
expressed in S. pombe, and to noncompetitively inhibit ABCB4 *H-IAA efflux activity (Yang
and Murphy, 2009).

2,4-D is a weak efflux substrate for all ABCB and PIN proteins expressed in non-plant
heterologous systems, but is a preferred efflux substrate for the ABCG37/PDR9 pleiotropic
substrate transporter (Titapiwatanakun et al., 2009; Razicka et al., 2010). Analysis of 2,4-D

effects on root hair elongation confirm that this compound is an ABCB4 uptake substrate in
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planta. Low concentrations of 2,4-D (10 nM) compensated for differences in abcb4 root hair
elongation in a manner similar to what is seen with IAA, and higher 2,4-D concentrations
inhibited root hair elongation equally in both abcb4 and wild-type (Fig. 7A). However, unlike
IAA, an intermediate concentration of 2,4-D (50 nM) inhibited wild-type root hair elongation to
a greater extent than in abcb4, suggesting a direct role of ABCB4 in 2,4-D uptake. This result
cannot be attributed to enhanced AUX1 uptake in abcb4 root hairs, as AUXI is not expressed in
trichoblasts (Jones et al., 2009).

2,4-D is also the preferred substrate for native 2-NOA-sensitive auxin influx assays in BY-2,
and ABCB4 is resistant to 2-NOA inhibition (Lanikova et al., 2010). As expected, 2-NOA (10
uM) decreased the net uptake of *H-2,4-D (2 nM) in control and PIN1-expressing cells, but had a
lesser effect on the accumulation of 2,4-D in ABCB4-overexpressing cells (Fig. 7B). However,
2,4-D uptake was enhanced in cells expressing ABCB4 after background auxin uptake was
blocked with 2-NOA (Fig. 7C), suggesting a non-competitive interaction of 2,4-D with the
ABCB4-based auxin efflux activity. This notion was further supported by the fact that pre-
treatment of cells expressing ABCB4 with cold 2,4-D, but not cold IAA, resulted in an enhanced
net uptake of *H-2,4-D (Fig. S5; Fig. S6). An enhancement of auxin influx in BY-2 expressing
ABCB4 was also observed following addition of NPA to 2-NOA-pretreated cells. This treatment
resulted in an increase in 2,4-D accumulation, consistent with continued 2,4-D import by
ABCB4 in combination with inhibition of the weak PIN and ABCB (including ABCB4) efflux
activity (Fig. 7D).

One explanation for the lack of 'H-NAA efflux seen in BY-2 cells expressing ABCB4 might be
that the cells are routinely maintained on medium containing the synthetic auxin 2,4-D (Nagata
et al., 1992). Although routinely washed out with uptake buffer before auxin transport assays are
conducted (Cho et al., 2007; Fig. S7), 2,4-D from the BY-2 cell culturing medium bound to
ABCB4 may be difficult to completely eliminate, especially as 2,4-D is poorly metabolized in
tobacco cells compared to IAA and NAA (Delbarre et al. 1994, 1996). No condition, time point,
expression level (35S or native promoter), or regimen could be identified where net *H-NAA
efflux greater than that shown in Fig. 5D was observed in BY-2 cells expressing ABCB4.

Assays of *H-2,4-D binding to ABCB4 and ABCBI19 expressed in mammalian HeLa cells
suggest that the affinity of ABCB4 for 2,4-D is higher than that of ABCB19 (Fig. 7E). Further,
the increased *H-2,4-D specific binding observed in cells expressing ABCB4 was not displaced
with excess IAA. Modeling of 2,4-D and IAA docking to ABCB4 is consistent with allosteric
rather than competitive regulation by 2,4-D, and 2,4-D binding to ABCB4 predicts binding

configuration that would enhance efflux (Fig. 7F).
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Discussion

The experimental evidence presented here indicates that ABCB4 regulates cellular auxin levels
in the Arabidopsis root epidermis by enhancing auxin uptake when cellular levels are low and
catalyzing auxin efflux when internal levels rise. A role for ABCB4 in regulating auxin
homeostasis at the plasma membrane in root epidermal cells is consistent with the necessity to
balance auxin levels in cells that are essential to streams regulating tropic growth and would be
expected to complement PINS5-mediated auxin homeostasis at the ER membrane (Mravec et al.,
2009).

The low (nanomolar) auxin concentrations required to induce efflux activity in ABCB4 suggest
that this protein functions primarily as an efflux transporter in the root apex and catalyzes uptake
only in cells distal to the meristematic region (Petersson et al., 2009). However, as excess auxin
levels destabilise or reduce the abundance of ABCB4 on membranes in cells in the elongation
zone and above, it is unlikely that ABCB4 functions in removal of toxic auxin concentrations in
root epidermal cells. Instead, it appears that excess IAA is oxidatively catabolised in these cells
and the oxidative products are either internalised in the vacuole or exported by ABCG36 and 37.
Results presented herein as well as experiments documenting IAA induction of reactive oxygen
species generation (Peer and Murphy, 2007) suggest that the threshold for oxidative IAA
catabolism in non-apical tissues (100-500 nM) is well above the induction threshold for ABCB4
efflux.

This report also underscores the point that radiotracer assays are highly dependent on the
concentrations, amounts, and types of auxin applied. The contribution of ABCB4 to
physiologically relevant shootward auxin streams from the root apex appears to be relevant only
as auxin levels increase, and ABCB4 may play a more important role in controlling auxin
movement out of the elongation zone as previously proposed (Peer and Murphy, 2007).
However, the localisation of ABCB4 in epidermal cells also suggests that this transporter could
modulate the accumulation of microbially-produced auxins at the root surface. It is less likely
that this is the function of ABCG36 and 37, as these proteins exhibit very low affinity for IAA
(Razicka et al., 2010), the primary auxin produced by rhizosphere bacteria (Glick, 1995;
Khakipour et al., 2008). It is also possible that ABCB4 modulates interactions with rhizobial
communities by eliminating breakdown products or biosynthetic intermediates of indolic
glucosinolate defense compounds in plants that produce these compounds.

A mechanistic basis for auxin uptake associated with ABCB4 may be derived from
characteristics of its association with the PM lipid bilayer. ABCB4 exhibits greater
hydrophobicity and is associated with sterol/sphingolipid-enriched detergent-resistant

membranes (Borner et al., 2005; Titapiwatanakun et al., 2009). The instability of ABCB4 in
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relatively low concentrations of the polar solvent DMSO suggests that the introduction of water
molecules into the lipid bilayer disturbs hydrophobic interactions of the protein. Conformational
changes in ABCB4 brought about by ATP hydrolysis may result in more perturbation of the
outer membrane leaflet and consequent mobilisation of resident amphipathic molecules such as
IAA, NAA, and 2,4-D to promote cytosolic trapping of these molecules.

Alternatively, the combination of more hydrophobic anchoring and additional IAA binding sites
in ABCB4 may provide a mechanism for substrate uptake that would not occur in ABCB1 or 19
during the conformational change associated with the first of two ATP hydrolysis steps required
for ABC transport function (Knoéller and Murphy, 2010). Substrate activation and conformational
change has been shown for other ABC transporters (Loo et al., 2003; Terasaka et al., 2005;
Sauna et al., 2008), and apparent drug-induced reversal of mammalian ABCB1 and ABCG22
activity has recently been reported (Shi ez al., 2011).

Finally, ABCB4 appears to be a direct herbicidal target of 2,4-D. Binding of 2,4-D to ABCB4
results in increased accumulation of both 2,4-D and other auxins in root epidermal cells and is
likely to amplify the herbicidal effects of the compound including swelling, separation of
epidermal and cortical cell layers of the root, and decreased root surface area due to loss of root
hairs (Johanson and Muzik, 1961; Calahan and Engel, 1965). As such, tissue-specific
manipulation of 4ABCB4 expression may be a useful tool for decreasing damage to crop plants

caused by 2,4-D drift.

Experimental procedures

Materials

Mutant alleles utilised were auxi-7 (Pickett et al., 1990), pin2/eiri-1 (Luschnig et al., 1998),
abcbl/pgpl-1 (Geisler et al., 2005, abcbl19/mdri9/pgp19-1 (Noh et al., 2001; Geisler et al.,
2003) introgressed into Col-0 with three backcrosses, abcb4/pgp4-1 and Pro35S:PGP4 (Terasaka
et al., 2005). Control, PGP4-GFP, and PIN1-GFP BY-2 cells (Nicotiana tabacum L., cv. Bright-
Yellow-2) were as described (Nagata et al., 1992; Petrasek et al. 2002; Jelinkova and Malinska
et al., 2010). Transgenic BY-2 cells and calli were maintained on media supplemented with 40
pg.ml™ hygromycin or 100 pg.ml™ kanamycin, and 300 pg.ml™ cefotaxim.

IAA, 2,4-D, 2-NOA, DMSO, TAA-Gluc, IAA-Asp were from Sigma-Aldrich (St. Louis, MO,
USA). 1-naphthylphthalamic acid (NPA) was from OlChemIm Ltd. (Olomouc, Czech Republic).
*H-IAA (20 or 30Ci mmol™, *H-BeA (26 or 20 Ci mmol™), *H-2,4-D (20 Ci mmol™), and *H-
NAA (specific radioactivity 25 Ci mmol™, respectively) were from American Radiolabeled
Chemicals (St. Louis, MO, USA). oxIAA from OIChemIm, Ltd. SH-oxIAA and *H-oxIAA-Gluc
were synthesized by incubating 1g of 5d Col-0 seedlings in 5 mL 2 MS media (pH 5.5)
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containing 3uM *H-IAA for 3h in low light with mild shaking. The seedlings were collected,
frozen and ground in liquid nitrogen and extracted as previously described for [AA
determinations (Kim ef al., 2007), except that C8 rather than C18 SPE was used. Fractions were
separated as described (Osten et al. 1998). Three primary peak fractions oxIAA-Gluc, oxIAA,
and TAA (in order of elution) were obtained, identities were confirmed by LC-MS analysis
(LCT-Premier, Micromass, Manchester, UK) and ester hydrolysis, and were used in transport

assays.

Root auxin transport assays and root hair length determination in Arabidopsis

Root transport and uptake assays were performed as described (Blakeslee et al., 2007; Peer and
Murphy, 2007 and references therein, see
http://www.hort.purdue.edu/hort/research/murphy/The%20more%20than%20complete%20hitch
hiker%27s%20guide%20t0%20auxin%20transport.pdf). Samples were incubated in chambers
fitted with flowthrough gas controllers (ambient or ethylene) under continuous yellow light (40
uE s m®). Root hair growth assays were performed using 5-day seedlings grown on % MS (pH
5.5), 0.5% sucrose on 1.3% gellan gum. Root hair lengths were measured using a Zeiss Stemi
2000C microscope, Luminera Infinity2 camera, and ImagelJ software (NIH). Ten root hairs were
measured in a 2mm zone starting 1.5mm above apex. Only root hairs extending parallel to the
surface were measured. Values are means of ten root hairs per plant from ten plants. Experiments

were repeated three times.

144, oxIAA, oxIAA-Gluc, and IBA determinations in Arabidopsis tissues

Extraction, SPE preparation, and analysis of prepared extracts were as described (Kim et al.,
2007) using C-IAA as an internal standard, except C8 SPE (Isolute, Alexandria VA, USA)
replaced C18 SPE, sample sizes were reduced to 220ug, and underivatised samples were
analysed directly by using either an QLCT Premier or Agilent HPLC-MSD/TOF (Agilent, Santa
Clara CA, USA). Determination of oxIAA, oxIAA-Gluc, IAA-Asp, and IAA-Gluc generation in
roots after application of 3H-IAA (30 nL, 10uM, 50 seedling apices) was as described (Ostin et
al., 1998). oxIAA standard for LC-MS and HPLC was from OlChemIm, Ltd.

Yeast and BY-2 auxin transport assays and HeLa binding assays

IH-IAA transport assays in Schizosaccharomyces pombe

Auxin transport assays in S. pombe were performed as described previously (Yang and Murphy,
2009) with the following modifications. Schizosaccharomyces pombe cells were grown to ODggo

~ 2.0 in EMM (Edinburgh minimal media) containing 15uM thiamine. Then thiamine was
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removed by washing twice with EMM, and cells were transferred to fresh EMM and incubated
for 19h (final ODgg = 2—-3) to induce the expression of proteins. Cells were spun at 6000 g for 30
sec. Pellets were washed once and resuspended in EMM (pH 4.5 for ABCB4/19, and pHS.5 for
AUXT1) to ODggp = 2. Cells were kept at 4°C in all following steps except where noted. SH-IAA
(specific activity 20 Ci per mmol, American Radiolabelled Chemicals) was added into 25 pl
cells with final concentrations 0.1, 0.25, 0.5, 1, and 2 uM and incubated at 30°C for 5 min
(ABCB4) or 8 min (AUX1). Cells were washed twice with EMM (pH 4.5) and resuspended in
250 ml EMM (pH 4.5). Five mL EcoLiteTM scintillation cocktail was added and retained
radioactivity was quantified by scintillation counting. The net transport of H-IAA was
calculated by subtracting empty vector controls from ABCB4/19 and AUX1. All transport assays
were performed with three or four repeats. Substrate binding to ABCB4 expressed in HeLa cells
was as described (Rojas-Pierce et al., 2007), using 3H-2,4-D as a substrate. BY-2 (control, PIN1-
GFP, ABCB4-GFP) auxin accumulation assays were as described (Delbarre ef al. 1996; Petrasek
et al. 2006) with >2 repeats and 10 uM 2-NOA or NPA (in DMSO), 10 uM cold BeA, 1AA, 2,4-
D, or oxIAA (in ethanol) added at 0 or 30 min as indicated with the radiolabelled assay substrate
at 2 nM.

Molecular docking of ABCB4
The sequence alignment of ABCBs (accession: NP 182223) with Sav1866 (accession: Q99T13)
were performed in Multalin http://bioinfo.genotoul.fr/multalin/multalin.html (Corpet et al., 1998)

and NCBI bl2seq http://blast.ncbi.nlm.nih.gov/Blast.cgi as described in Yang and Murphy

(2009). Based on the sequence alignment and the crystal structure of Sav1866, ABCB4 model
were computed with Modeller structural modeling software http://salilab.org/modeller (Sali and
Blundell, 1993; Eswar et al., 2000). Computational simulation of ligand binding to ABCB TMDs
was performed using MEDock at http://medock.csbb.ntu.edu.tw (Chang et al., 2005).

Microscopy

Arabidopsis thaliana. Images were collected using a Zeiss LSM 710 confocal laser scanning
microscope with a 40x water immersion objective (1.4 numerical aperture, C-Apochromatic) and
argon laser (Carl Zeiss, Jena Germany) as in Christie et al. (2011). BY-2 cells. Cell densities
were determined with >8 aliquots per sample using a Fuchs-Rosenthal haemocytometer on a
Zeiss Axiovert 40C. Cell lengths and diameters were observed with a Nikon Eclipse E600,
DVC1310C camera, and LUCIA image analysis software (Laboratory Imaging, Prague, Czech
Republic). For each variant 150 cells were measured on five optical fields. Analysis of

fluorescent protein fusions utilised a Zeiss LSM5 DUO (40x C-Apochromat water immersion,

121



NA=1.2). For bleaching, a 40x20 pixel rectangle centred on the transversal membrane was
bleached or used as a control, then tracked for fluorescence recovery for 300s in 10s intervals.

Values are means of >25 cells.
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Figure S1. ABCB4 expression in response to stimuli.

Figure S2. Shootward *H-IAA transport from the root apex in wild-type and auxin transport
mutants.

Figure S3. ABCB4 expression in root cell types and ABCB4-GFP ethanol solvent controls.
Figure S4. oxIAA competition experiments and transport assays controls.

Figure S5. *H-2,4-D accumulation in BY-2 cells pretreated with cold IAA or 2,4-D.

Figure S6. Gradual reversal of ABCB4 activity in BY-2 cells.

Figure S7. *H-2,4-D accumulation after washout with uptake buffer.
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Figure legends

Figure 1. ABCB4-mediated auxin transport is activated by [AA

A. Shootward *H-IAA (20 nL [25 fmol] placed on root cap/S3 columella) transport from the
quiescent centre in 5-day-old Arabidopsis roots. “a” *H-IAA, “b”+10X cold IAA, ANOVA,
Dunnet’s post-hoc, P<0.05. B. ABCB4,,,-ABCB4-GFP signals in control and 3h after 200 nL
10 nmol TAA placed on root cap/S3 columella. Bar: 15 um. C. Application of increasing 3H-
IAA concentrations result in greater reductions in shootward transport in abchb4 compared to
Col-0 and pin2. D. Root tip (0.5mm) net 3H-IAA accumulation assays decreased in abch4 and
increased in ABCB4 overexpressor (ABCB4-OX) at 15 min. The pattern is reversed at 30 min.
“0p<(0.05. E. Free IAA levels in differentiation/maturation zone of root (2mm segment starting
1.5mm from apex). Error bars, SD (n=3 pools of 10 seedlings for assays, except D., n=50

seedlings).

Figure 2. ABCB4 localisation in Arabidopsis root hairs.

5-d Arabidopsis seedlings. A. Treatment with increasing IAA concentrations inhibits root hair
elongation. Mean lengths and SD from the first ten root hairs measured starting 1.5mm from the
root apex (10 seedling pools, n=3). *P<0.05. B. Root hairs in region 1.5mm above the abcb4
root apex are consistently longer than in wild-type. Bar, 100 pm. C. Visualisation of
ABCB4,,,;ABCB4-GFP shows a signal at the plasma membrane in atrichoblast (a) and
trichoblast (t) cells in dim light-acclimated light-grown seedlings. D. ABCB4-GFP signals in
roots hairs after Sh 20 nM TAA treatment in dim light-acclimated light-grown seedlings. E.
ABCB4-GFP signals in root hairs in light-grown seedlings. Bar, 50 pum (C-E). (F-K)
ABCB4,,,: ABCB4-GFP localisation in epidermal cells is sensitive to auxins, NPA, and DMSO.
F. Ethanol (EtOH), 0.1%, 5h; G. IAA, 1 uM, 5h; H. 2,4-D, 1 uM, 5h; I. DMSO, 0.05%, 5h; J.
NPA, 10 uM, 5h; K. In twdl-3. Bar, 10 pm.

Figure 3. ABCB4 transports benzoic acid, but not oxIAA out of the root.

A. Root tip uptake assays indicate that ABCB4 mediates *H-benzoic acid (BeA) efflux. B.
Application of increasing amounts of *H-IAA to the shoot apex results in increased oxIAA and
0xIAA-Gluc accumulation in the root. (50 seedling pools, n=3, error bars, SD). C. *H-oxIAA
purified from extracts (see Methods) is not polarly transported in Arabidopsis seedlings. D. ox-
IAA and oxIAA-Gluc levels are not increased in abcb4. oxIAA-Gluc levels are normalized

against a "C-IAA standard so are relative values. E. oxIAA does not compete with shootward
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transport of H-IAA from the root apex and activates ABCB4-mediated *H-IAA transport in
planta. (10 seedling pools, n=3). Error bars, SD. **"P<(.05.

Figure 4. ABCB4 overexpression in BY-2 cells shows auxin related phenotypes.

A. Decreased cell multiplication/density during 7-day sub-cultivation interval in PIN1-GFP and
ABCB4-GFP cell lines. Error bars, SE (n=8). B. Cell size distribution in control and ABCB4-
GFP cells scored 3-day post-inoculation. C. ABCB4-GFP and PIN1-GFP fluorescence from
single confocal scans and differential interference contrast, DMSO solvent control, 2-day cell

cultures. Bars, 40um. D. FRAP dynamics in ABCB4-GFP and PIN1-GFP expressing cells.

Figure 5. IAA transport by ABCB4 in BY-2 cells.

A. Accumulation of *H-NAA (2 nM) in control, PIN1-GFP and ABCB4-GFP BY-2 cell lines
increased after NPA (10 pM) addition. Error bars, SE (n=3). B. ABCB4-GFP expression
reduces 3H-BeA retention. C. Cold BeA (10uM) does not compete with *H-2,4-D and 3H-NAA
transport in control or ABCB4-GFP cells. D, E. 10 uM IAA, but not oxIAA, competes with *H-
IAA net retention in control and ABCB4-GFP cells. Error bars, SE (n=3).

Figure 6. ABCB4-mediated 3H-IAA uptake in S. pombe.

A. 3H-TIAA uptake by AUX1 (8 min assay). B. 3H-IAA uptake by AUX1 saturates at 2 uM (8
min assay). C. *H-IAA efflux by ABCB4 and ABCB19. *H-IAA uptake by ABCB4 saturates at
>250 nM and reverses to efflux after 5 min. Error bars=SD, n=4, 2 independent experiments.

Values are subtracted from vector controls (see Fig. S2C for vector).

Figure 7. ABCB4 mediates uptake but not efflux of 2,4-D.

A. Root hair responses to increasing concentrations of 2,4-D. B. Addition of 2-NOA (10uM)
decreased accumulation of *H-2,4-D in ABCB4-GFP BY-2 cells. Error bars, SE (n=3). C. 2-
NOA (10uM, 30min pre-treatment) initially blocked *H-2,4-D accumulation in ABCB4-GFP
BT-2 cells but accumulation gradually increased after 15min. Error bars, SE (n=3). D.
Accumulation of *H-2,4-D in ABCB4-GFP cell lines pre-treated 30min with 2-NOA or NPA
(10uM) was reduced. NPA (10puM, at 13min) applied to 2-NOA pretreated cells increased *H-
2,4-D accumulation compared to 2-NOA only. Error bars, SE (n=3). E. In binding assays of
ABCB4 or 19 expressed in HeLa cells, H-2,4-D binds ABCB4 with greater affinity than
ABCB19 and is not competed away by IAA. Error bars, SD (n=3).*P<0.05. F. Modelling of IAA
and 2,4-D binding sites to ABCB4.
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Figure 1. ABCB4-mediated auxin transport is activated by [AA

A. Shootward *H-IAA (20 nL [25 fmol] placed on root cap/S3 columella) transport from the
quiescent centre in 5-day-old Arabidopsis roots. “a” *H-IAA, “b”+10X cold IAA, ANOVA,
Dunnet’s post-hoc, P<0.05. B. ABCB4,,,-:ABCB4-GFP signals in control and 3h after 200 nL
10 nmol TAA placed on root cap/S3 columella. Bar: 15 pm. C. Application of increasing “H-IAA
concentrations result in more reduced shootward transport in abcb4. D. Root tip (0.5mm) net *H-
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IAA accumulation assays decreased in abcb4 and increased in ABCB4 overexpressor (ABCB4-
OX) at 15 min. The pattern is reversed at 30 min. “>°P<0.05. E. Free IAA levels in
differentiation/maturation zone of root (2mm segment starting 1.5mm from apex). Error bars, SD

(n=3 pools of 10 seedlings for assays, except D., n=50 seedlings).
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Figure 2. ABCB4 localisation in Arabidopsis root hairs.
5-d Arabidopsis seedlings. A. Treatment with increasing IAA concentrations inhibits root hair

elongation. Mean lengths and SD from the first ten root hairs measured starting 1.5mm from the
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root apex (10 seedling pools, n=3). *P<0.05. B. Root hairs in region 1.5mm above the abcb4
root apex are consistently longer than in wild-type. Bar, 100 pm. C. Visualisation of
ABCB4,,,;ABCB4-GFP shows a signal at the plasma membrane in atrichoblast (a) and
trichoblast (t) cells in dim light-acclimated light-grown seedlings. D. ABCB4-GFP signals in
roots hairs after Sh 20 nM TAA treatment in dim light-acclimated light-grown seedlings. E.
ABCB4-GFP signals in root hairs in light-grown seedlings. Bar, 50 pum (C-E). (F-K)
ABCB4,,,: ABCB4-GFP localisation in epidermal cells is sensitive to auxins, NPA, and DMSO.
F. Ethanol (EtOH), 0.1%, 5h; G. IAA, 1 uM, 5h; H. 2,4-D, 1 uM, 5h; I. DMSO, 0.05%, 5h; J.
NPA, 10 uM, 5h; K. In twdl-3. Bar, 10 pm.
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Figure 3. ABCB4 transports benzoic acid, but not oxIAA out of the root.

A. Root tip uptake assays indicate that ABCB4 mediates *H-benzoic acid (BeA) efflux. B.
Application of increasing amounts of *H-IAA to the shoot apex results in increased oxIAA and
0xIAA-Gluc accumulation in the root. (50 seedling pools, n=3, error bars, SD). C. *H-oxIAA
purified from extracts (see Methods) is not polarly transported in Arabidopsis seedlings. D. ox-
IAA and oxIAA-Gluc levels are not increased in abch4. oxIAA-Gluc levels are normalized
against a "C-IAA standard so are relative values. E. oxIAA does not compete with shootward
transport of *H-IAA from the root apex and activates ABCB4-mediated *H-IAA transport in
planta. (10 seedling pools, n=3). Error bars, SD. ***P<(.05.
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Figure 4. ABCB4 overexpression in BY-2 cells shows auxin related phenotypes.

A. Decreased cell multiplication/density during 7-day sub-cultivation interval in PIN1-GFP and
ABCB4-GFP cell lines. Error bars, SE (n=8). B. Cell size distribution in control and ABCB4-
GFP cells scored 3-day post-inoculation. C. ABCB4-GFP and PIN1-GFP fluorescence from
single confocal scans and differential interference contrast, DMSO solvent control, 2-day cell

cultures. Bars, 40um. D. FRAP dynamics in ABCB4-GFP and PIN1-GFP expressing cells.
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Figure 5. IAA transport by ABCB4 in BY-2 cells.

A. Accumulation of *H-NAA (2 nM) in control, PINI-GFP and ABCB4-GFP BY-2 cell lines
increased after NPA (10 pM) addition. Error bars, SE (n=3). B. ABCB4-GFP expression
reduces “H-BeA retention. C. Cold BeA (10uM) does not compete with *H-2,4-D and *H-NAA
transport in control or ABCB4-GFP cells. D, E. 10 pM IAA, but not oxIAA, competes with *H-
IAA net retention in control and ABCB4-GFP cells. Error bars, SE (n=3).
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Figure 7. ABCB4 mediates uptake but not efflux of 2,4-D.

A. Root hair responses to increasing concentrations of 2,4-D. B. Addition of 2-NOA (10uM)
decreased accumulation of *H-2,4-D in ABCB4-GFP BY-2 cells. Error bars, SE (n=3). C. 2-
NOA (10uM, 30min pre-treatment) initially blocked *H-2,4-D accumulation in ABCB4-GFP
BY-2 cells but accumulation gradually increased after 15min. Error bars, SE (n=3). D.
Accumulation of *H-2,4-D in ABCB4-GFP cell lines pre-treated 30min with 2-NOA or NPA
(10uM) was reduced. NPA (10pM, at 13min) applied to 2-NOA pretreated cells increased *H-
2,4-D accumulation compared to 2-NOA only. Error bars, SE (n=3). E. In binding assays of
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ABCB4 or 19 expressed in HeLa cells, H-2,4-D binds ABCB4 with greater affinity than
ABCBI19 and is not competed away by IAA. Error bars, SD (n=3).*P<0.05. F. Modelling of IAA
and 2,4-D binding sites to ABCB4.
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Supporting Data

Figure S1. ABCB4 expression in response to stimuli.

Figure S2. Shootward *H-IAA transport from the root apex in wild-type and auxin transport
mutants.

Figure S3. ABCB4 expression in root cell types and ABCB4-GFP ethanol solvent controls.
Figure S4. oxIAA competition experiments and transport assays controls.

Figure S5. *H-2,4-D accumulation in BY-2 cells pretreated with cold IAA or 2,4-D.

Figure S6. Gradual reversal of ABCB4 activity in BY-2 cells.

Figure S7. *H-2,4-D accumulation after washout with uptake buffer.
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Figure S1. ABCB4 expression in response to stimuli from Genevestigator (Hruz et al., 2008).
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Figure S2. Shootward *H-IAA transport from the root apex in wild-type and auxin transport
mutants. A. Transport with 25nL (25fmol) *H-IAA placed on columella cells (Peer and Murphy,
2007) + ethylene (0.01% constant rate flow). B. Transport with 25nL (25fmol) *H-IAA placed
over quiescent centre (QC) of wild-type or auxin transport mutant roots + ethylene. Seedlings per
assay =10, n=3, error bars are SD. Letters represent statistical difference from wild-type, P <

0.05.
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¥

High-Resolution Spatiotemporal Map, Brady ef al 2007

Figure S3. ABCB4 expression in the root from eFPBroswer (Winter et al., 2007; Brady et al.,
2007) (left), and 0.00001 % ethanol solvent control for TAA treatment for ABCB4-GFP

localization (right). Bar, 50 um.
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Figure S4. oxIAA competition experiments and transport assays controls.

A-B. oxIAA competition experiments with *H-IAA uptake (6 minutes) and efflux (12 minutes)
of ABCB4, AUX1, and ABCB19 expressed in S. pombe. A. In six minute uptake assays, a small
amount of competition is seen when *H-IAA is challenged with 100X oxIAA. B. No competition
is seen when 100X oxIAA is used to challenge *H-IAA export. N=3, error bars = SD. C. Net *H-
IAA accumulation in S. pombe expressing vector only, ABCB4 or ABCB19. D. Western blot
analysis (a-hemaglutinnin, upper panel) of microsomal membranes from S. pombe expressing

vector only (V), ABCB4 (B4) or ABCB19 (B19). Coomassie stained gel, lower panel.
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Figure S5. Competition accumulation assays of *H-2,4-D in BY-2 cells (control, ABCB4-GFP)
pretreated with cold IAA or 2,4-D. Both variants (control and ABCB4-GFP) were pretreated for
30 min with 5 uM cold IAA or 2,4-D. In case of cold IAA, slight decrease in *H-2,4-D uptake
while in case of 2,4-D significant increase was observed. We suggest that it is a result of non-
competitive 2,4-D inhibition of ABCB4 auxin efflux as similarly described Yang and Murphy
(2009) when ABCB4 was expressed in S. pombe. Control line (white columns) and ABCB4-GFP

line (blue columns).
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Figure S6. Gradual reversal activity of ABCB4 transporter in early and later time of *H-IAA
accumulation in BY-2 cells (control, PIN1-GFP, ABCB4-GFP) versus 2-NOA.

IAA accumulation in the ABCB4-GFP cell line treated with 2-NOA was lower at 15 min
compared to solvent controls, but at 35 min, increased IAA accumulation is observed after 2-
NOA application. Non-transformed and lines expressing PIN1 are included as controls. It is
important to note that experiments with *H-IAA in BY-2 cell culture are difficult to interpret due
to rapid IAA metabolism and combined uptake and efflux observed with IAA. Control line
(white columns), PIN1-GFP line (red column) and ABCB4-GFP line (blue columns).
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Figure S7. The effect on 3H-2,4-D accumulation after wash out with uptake buffer.

Here we tried to solve whether wash out with uptake buffer is able to removed all 2,4-D from
BY-2 cells cultivated on medium supplemented with 2,4-D.

Wash out of BY-2 cells (45 and 90 min) with uptake buffer before radiolabeled auxin
accumulation assays is using as a standard procedure. Similarly we did short wash out of BY-2
cells after 16 min of running *H-2,4-D accumulation experiment. In the time of 16min uptake
buffer with 3H-2,4-D was filtered, the cells were flushed, and then fresh uptake buffer without
*H-2,4-D has been added. The results quite clearly showed that even with such rapid wash out
there is marked decrease in accumulation of *H-2,4-D in the cells. So we can conclude that long
standard wash out procedure is enough to retain nearly all 2,4-D from BY-2 cells.

(S1) 2,4-D accumulation curve before wash out (white circles) and after wash out (black circles).
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6.6. Chapter 6 - New insights into auxin transport on cellular level by means of

mathematical-modelling-motivated research

Petr Hosek*, Martin Kube§*, Martina Lankova, Petre 1. Dobrev, Petr Klima, Zden¢k Wimmer,
Milada Kohoutovd, Jan PetraSek, Eva Zazimalova, Klara Hoyerova, Marcel Jifina

* These authors contributed equally to this work.
Manuscript in preparation

This manuscript originated from collaboration between Dr. Eva Zazimalovd and Dr. Marcel

Jifina laboratories.

My contribution to this article was mainly in characterization of *H-BeA, *H-2,4-D and *"H-NAA
metabolism in tobacco BY-2 and Xanthi cell cultures together with identification of the main
NAA metabolite in BY-2 cells as NAA glucosyl ester based on collaboration with Petre I.
Dobrev (HPLC, LC-ESI-MS/MS analysis, confirmation of ester bond in NAA glucosyl ester and
discussions), Zdenck Wimmer (synthesis of NAA metabolite, discussion), Jifi Malbeck and
Bediich Pesek (MS analysis, discussions) and Helena Lipavskd (HPLC analysis, discussion). |
was partially involved in *H-2,4-D accumulation assays with auxin transport inhibitors NPA,
CHPAA and their combination. I have been involved also in the manuscript preparation and

processing of relevant results.

It was indicated that NAA is rapidly metabolized to the major metabolite (identified as NAA
glucosyl ester) and after 10 min of incubation this metabolite was predominant in BY-2 cells. All
NAA metabolites including predominant NAA glucosyl ester remained in cells and thus
confused results of *H-NAA accumulation assays. Compared to NAA, 2,4-D was only partially
metabolized to three unknown products and the analysis of incubation medium also confirmed
retention of the 2,4-D metabolites in BY-2 cells. As a control BeA was used and surprisingly it
was quickly metabolized to one predominant and one unknown minor products. In incubation
medium both metabolites were detected insignificantly, which indicate that these products also
remained in cells (Fig. 3A, B, C).

As mentioned above, the main NAA metabolite was identified by HPLC and MS techniques as
NAA glucosyl ester (Fig. 4). Simultaneously the presence of ester bond in NAA glucosyl ester
was confirmed by its incubation with NH4OH (Fig. 5). Thanks to the weak 2,4-D metabolism,

2,4-D accumulation data measured under various conditions were used (in presence of auxin
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transport inhibitors NPA or CHPAA, Fig. 6) and mathematical model of auxin transport to

characterize and validate parameters of 2,4-D transport on cellular level was constructed.

The work was supported by the Ministry of Education, Youth and Sports of the Czech Republic
project LC06034 and by the Grant Agency of the Czech Republic, project P305/11/0797.
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Abstract

During the last fifteen years, polar auxin transport - an important spatial and temporal signalling
and coordination mechanism in plant tissues - was thoroughly studied by various approaches.
Mathematical modelling as one of these approaches has been frequently used to explore many
hypotheses on cell polarization and related regulatory mechanisms, especially on the level of
plant tissues. In contrast, auxin transport on the single-cell level has remained much less
addressed. Here we describe the transport of auxin at the cellular level using basic techniques of
mathematical modelling and characterization of auxin transport mechanisms in tobacco cells.

Our results indicate that naphthalene-1-acetic acid (NAA) is strongly and rapidly metabolized
during accumulation experiments in BY-2 tobacco cells. We identified the predominant
metabolite as NAA glucosyl ester (NAA-Glc) and thus confirmed assumption made by Delbarre
et al. (1994). Further, we show that NAA-GIc is retained in the cells, thus raising the apparent
intracellular concentration of labelled NAA as measured by accumulation assays and
consequently, resulting in serious underestimation of auxin efflux carriers transport capacity. not
only for NAA but consequently also for IAA in the past. In contrast, metabolism of 2,4-
dichlorophenoxyacetic acid (2,4-D) remains fairly weak in the time span of accumulation assays,
making 2,4-D an good tool for probing auxin transport on cellular level. Hence, using 2,4-D
accumulation data measured under various conditions including presence of auxin transport
inhibitors 1-naphthylphthalamic acid or 3-chloro-4-hydroxyphenylacetic acid, and employing a
mathematical model of auxin transport we characterize and validate parameters of 2,4-D

transport on cellular level.
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Introduction

Auxin is a signal molecule present in plant tissues in nanomolar concentrations (Davies et
al., 2010). Fast and tight control of its levels is necessary for proper regulation of plant growth,
development and responses to environmental stimuli. Such control is realized on the cellular
level via two basic processes — auxin metabolism and auxin transport. Auxin metabolism
(biosynthesis, conjugation, de-conjugation, and degradation) (Normanly et al., 2010, Ludwig-
Miiller, 2011) as well as intercellular (Petrasek and Friml, 2009, Peer et al., 2011) and
intracellular auxin distribution (Mravec et al., 2009, Tromas et al., 2010) determines availability
of auxin for transporters. Subsequently the number of plasma membrane auxin transporters
facilitates (mostly directional) flow of auxin through plant tissues (Zazimalovd and Murphy et
al., 2010).

Specific physical-chemical nature of auxin molecules underlies the mechanism of their
transport across the plasma membrane. Because all auxins — native ones as well as their synthetic
analogues — are weak aromatic or heterocyclic acids, their ability to penetrate the plasma
membrane depends predominantly on the degree of their dissociation, which corresponds to the
dissociation constant of particular auxin and to current pH of the solution. The difference
between apoplastic pH (approximately 5.5) and cytoplasmic pH (approximately 7.0) is the basis
for the mechanism by which the molecules of weakly dissociated auxins outside the cell are able
to penetrate the plasma membrane by diffusion whilst inside the cell auxin molecules dissociate
almost entirely and their hydrophilic anionic form cannot leave the cell passively. Therefore,
such anions can be excreted only actively through plasma membrane transporters — pumps or
carriers. Such transporters, postulated to be asymmetrically localized on plasma membrane of
constituent cells, in cooperation with passive diffusive auxin uptake are able to facilitate polar
auxin transport through the tissue. This idea is known as chemiosmotic hypothesis (Rubery and
Sheldrake, 1974, Raven 1975, Goldsmith 1977).

Despite there is no need for active auxin uptake according to chemiosmotic hypothesis,
auxin influx carriers (AUXI1/LAX protein family) are indispensable in a number of
developmental events. They belong to the subfamily of plasma membrane amino acid permeases
(Parry et al., 2001b). The efflux of auxin, on the other hand, is facilitated by transporters from
PIN and ABCB protein families (Petrasek and Friml, 2009, Titapiwatanakun and Murphy, 2009,
Zazimalova and Murphy et al., 2010). In Arabidopsis, the PIN family consists of two basic
subfamilies, differing in the length of a hydrophilic loop in the middle of their polypeptide chain.
The “long” PINs (PIN1-4, and 7) are localized at the plasma membrane, where they act as auxin
efflux carriers (Petrasek et al., 2006, Mravec et al., 2008). These PINs undergo constitutive

cycling between the plasma membrane and endosomal compartments (Geldner et al., 2001,
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Dhonukshe et al., 2007, Kleine- Vehn et al., 2008). Second group consists of “short” PINs
(PINS, PING, and PINS) (Ktecek and Sktipa et al., 2009). In contrast to “long” PINs, Arabidopsis
PINS and PIN8 do not have a direct role in cell-to-cell auxin transport but they regulate
intracellular auxin homeostasis and metabolism because of their (predominant) endoplasmic
reticulum localization (Mravec et al. 2009, Ganguly et al 2010, respectively). Besides PIN
proteins, ABCBI1 and 19 - members of the B-type of ABC protein superfamily - function
primarily in auxin export (reviewed in Titapiwatanakun and Murphy, 2009). Interestingly,
ABCB4 protein shows ability to switch from influx to efflux mode depending on auxin levels
(Yang and Murphy, 2009, Kubes and Yang et al., submitted). Recently, it was shown that
NRTI.1 nitrate transporter/sensor can serve also as an auxin influx carrier (Krouk et al., 2010).
In addition to the already known auxin carriers, other auxin carriers can exist and/or some of the
already known plasma membrane anion transporters may recognize auxin as their substrate at
certain circumstances.

Relative contribution of transporters to auxin uptake or auxin efflux was investigated in
the past using an elegant cell-based system relying on different substrate specificities of the
carriers (Delbarre et al., 1996). The competition experiments on auxin uptake or efflux,
performed using externally applied radiolabelled tracer and non-labelled competitor, revealed
saturable components involved in *H-2,4-D and *H-IAA uptake and in *H-NAA efflux. Besides
the non-labelled competitors, specific auxin transport inhibitors can be used to separate influx
and efflux activities. These inhibitors include inhibitors of auxin influx carriers (synthetic
compounds 1-naphthoxyacetic acid (1-NOA), 2-naphthoxyacetic acid (2-NOA), the most
specific  representative  3-chloro-4-hydroxyphenylacetic acid (CHPAA) and natural
chromosaponin (Imhoff et al., 2000, Rahman et al., 2001, Laiikkova et al., 2010)) and inhibitors
of auxin efflux carriers (synthetic phytotropins I-naphthylphthalamic acid (NPA) and 2-(1-
pyrenoyl)benzoic acid (PBA), cyclopropyl propane dione (CPD) and 2,3,5-triiodobenzoic acid
(TIBA), and natural flavonoids) (Rubery, 1990, Petrasek et al., 2003, Peer et al., 2007). In
general, it was postulated (Delbarre et al., 1996) that NAA enters cells predominantly by
diffusion and its accumulation level is controlled by efflux carriers. NAA was metabolized
effectively during 15 min incubation to one dominant metabolite assumed to be a glucose ester
conjugate. Conversely, 2,4-D was mostly transported into the cell by the influx carriers and it
was found to be a substrate for the auxin efflux carriers only at concentration higher than 100
uM. Moreover, 2,4-D remained non-metabolized during the tested period. Natural auxin [AA
was concluded to be a “substrate” for both groups of carriers as well as being able to enter cell
passively at considerable amount. IAA metabolism was approximately two times less rapid

compared to NAA metabolism in tobacco cells (Delbarre et al., 1996). Such characteristics were
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confirmed in Arabidopsis root cells of aux/-7 mutant deficient in AUX1 influx carrier function.
In such plants, only NAA that can enter cells by diffusion, was able to rescue agravitropic
phenotype (Parry et al., 2001a), and the inhibition of root elongation by IAA and 2,4-D in aux!
mutant require 10 times higher auxin concentrations than wild-type (Yamamoto and Yamamoto,
1998),). Further, the aux! mutant root tips accumulate IAA 50% less efficiently than those of
wild-type (Rahman et al., 2001). From these data Kramer and Bennett (2006) calculated that the
contribution of carrier mediated uptake is about 10 times higher than the one of diffusion in
Arabidopsis root cells. Gradually, based on increasing amount of experimental data and to
explore and validate various hypotheses on auxin transport, cell polarization and related
regulatory mechanisms especially in context of tissues, the need for mathematical modelling
emerged.

Since one of the well known auxin effects was initiation of vein formation, Sachs (1969)
suggested that the flow of the hormone itself serves as the signal that induces such morphogenic
changes. His canalization hypothesis suggested positive feedback between the flow of a signal
molecule — auxin — and the capacity of its flow. The first mathematical model of auxin flow
based on canalization hypothesis was constructed by Mitchison (1980a, b) and Mitchison et al.
(1981). The key assumption of this model was that auxin transport between adjacent cells
depends on its concentration gradient and on the value of the auxin diffusion constant which
increases in response to auxin flow. Such mechanism, therefore, represented a positive feedback
between the auxin flow and the membrane permeability restricted by efflux capacity (i.e. number
or activity of efflux carriers). This prerequisite still remains the core of current models of plant
leaf venation. Since the PIN1 was found to be asymmetrically distributed on plasma membrane
(Galweiler et al., 1998) it became the most promising candidate transporter responsible for
oriented auxin flow. The dependence of PIN1 efflux carrier’s localization on auxin flow was
incorporated into models of Feugier et al. (2005) and Fujita and Mochizuki (2006).

Another approach was chosen by modellers dealing with phyllotactic patterns, which
occurs in response to specifically localized tissue regions with high auxin concentrations. In
these models, auxin concentration in neighbouring cells was usually used as the signal
modulating carrier localization. Several models of phyllotaxis were able to reproduce specific
patterns of auxin concentration maxima in shoot apical meristem in correspondence with
experimental data (Jonsson et al., 2006, de Reuille et al., 2006, Smith et al., 2006). Nevertheless,
the question of precise PIN carrier’s localization mechanism and the nature of its controlling
signal remained unanswered.

Since the two distinct regulatory mechanisms of PIN polarization are not as likely to

develop as a single one, several models attempting to find a unifying auxin related signal
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modulating the localization of PINs emerged. Such model has to be able to reproduce both the
generation of auxin concentration maxima during phyllotaxis and the auxin flow canalization
(leaf venation patterns or midvein formation in shoot apex) — the phenomena seeming to require
almost opposing regulatory mechanism. Several approaches were used to accomplish this
challenging task. Merks et al. (2007) managed to reproduce venation patterning with use of
concentration-based PIN regulation (the number of active PINs on a particular side of a cell
increased in response to high auxin concentration in appropriate neighbouring cell). The model
incorporated a detailed subsystem of carrier cycling leading to a “travelling wave” of high auxin
concentration, leaving polarized channels behind. In contrast, Stoma et al. (2008) introduced a
flux-based polarization model of phyllotactic patterning relying mainly on the assumption that
once certain threshold concentration of auxin is reached, the cells of such concentration
maximum turn into a primordium acting as an unlimited auxin sink. Bayer and Smith et al.
(2009) proposed a combined model integrating both principles of carrier localization, alternating
(either smoothly or instantly) independently for each cell based on its internal auxin
concentration. Wabnik and Kleine-Vehn et al. (2010) newly implemented cell wall
compartments where mobile molecules of hypothetical auxin receptor mediate the response of
PIN localization to extracellular auxin concentration, providing a model capable of reproducing
many venation related phenomena. Even though mathematical description of auxin transport on
the single-cell level was the basis of formulation of the ‘tissue’ models described above, the
representation of a cell in these models did not change much since Mitchison derived basic
differential equations for auxin flow between a cell and apoplast and between two neighbouring
cells (Mitchison et al., 1981). Due to the lack of quantitative experimental data, these equations
were fairly simplified and required some strong assumptions. To overcome some of their
shortcomings, only subtle modifications of these equations were implemented during the
construction of the tissue models. Now, the rigorous methodology of cell-based radiolabelled-
auxin-accumulation assays (Delbarre et al. 1996, Petrasek et al. 2006) combined with other
analytical approaches (HPLC, GC-MS etc.) are able to generate required but so far scarce
qualitative and also quantitative data on the cellular level. Based on such data we have
constructed a complex single-cell level model of auxin transport. Our model reveals the
parameters of cellular auxin transport that are consistent with auxin transport characteristics

observed and provides valuable insight into the regulation of auxin transport.

Material and Methods

Plant material
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Cells of tobacco line BY-2 (Nicotiana tabacum L., cv. Bright Yellow-2) (Nagata et al.,
1992) were cultured in liquid medium (3% (w/v) sucrose, 4.3 g.I"" Murashige and Skoog salts,
100 mg.1" inositol, 1 mg.I"" thiamin, 0.2 mg.I"' 2,4-D, and 200 mg.I"" KH,PO, (pH 5.8)). Cells of
tobacco line Xanthi (Nicotiana tabacum L., cv. Xanthi XHFDS8) (Muller et al., 1985) were
cultured in Gamborg B3 liquid medium (Gamborg et al., 1968) containing 0.176 mg.I" 2,4-D
and 0.1 mg.I"" kinetin. Both cell lines were cultivated in darkness at 26°C on an orbital incubator
(Sanyo Gallenkamp, Schoeller Instruments Inc., Prague, Czech Republic; 150 rpm, 32 mm orbit)
and subcultured weekly. Stock BY-2 or Xanthi calli were maintained on media solidified with

0.6% (w/v) agar and subcultured monthly.

Chemicals

3-chloro-4-hydroxyphenylacetic acid (CHPAA), 2,4-dichlorophenoxy acetic acid (2,4-D)
and all commonly used chemicals were supplied by Sigma-Aldrich, Inc. (St. Louis, USA) and
Duchefa (Haarlem, The Netherlands). 1-naphthylphthalamic acid (NPA) was supplied by
OlChemIm Ltd. (Olomouc, Czech Republic). *H-benzoic acid (BeA[4’"]) and °*H-2,4-
dichlorophenoxyacetic acid (*H-2,4-D) (both of specific radioactivity 20 Ci.mmol™), as well as
*H-naphthalene-1-acetic acid CH-NAA) (specific radioactivity 25 Ci.mmol™) were supplied by
American Radiolabeled Chemicals, Inc. (St. Louis, USA).

Auxin accumulation assays

Auxin accumulation by two-day old cells was measured according to the Delbarre et al.
(1996) as modified by Petrasek et al. (2006). Inhibitors CHPAA, NPA or their combination were
added as required from 50 mM DMSO stock solutions to give final concentration of 10 uM in 2
min pre-treatment before the beginning of the accumulation assay. The radiolabeled auxins were
added to give a final concentration of 2 nM. Treatments with particular inhibitor were repeated at
least three times. Accumulation results were expressed as pmols of particular auxin or BeA
accumulated per 10° cells. The 0.5-ml aliquots of cell suspension were collected every 10
seconds (approximately 60 samples per one run) and accumulation of label was terminated by
rapid filtration under reduced pressure on 22-mm-diameter cellulose filters. The cell cakes and
filters were transferred to scintillation vials, extracted in 0.5 ml of 96% ethanol for 30 min, and
afterwards 4 ml of scintillation solution (EcoLite Liquid Scintilation Fluid, MP Biomedicals,
Solon, USA) were added. Radioactivity was determined by liquid scintillation counter Packard
Tri-Carb 2900TR (Packard-Canberra, Meridian, CT, USA), with automatic correction for

quenching.
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HPLC metabolic profiling

Two days old BY-2 or Xanthi cells were prepared for the experiment by equilibration in
uptake buffer as already described for accumulation assays (Petrasek et al., 2006). Experiments
were done in uptake buffer and under standard cultivation conditions. Cells were incubated with
addition of 20 nM *H-BeA, *H-NAA and *H-2,4-D for a period of 0, 10 and 20 min. Cells and
media (uptake buffer) were collected and frozen in liquid nitrogen (200 mg of fresh weight and
10 ml per sample). Extraction and purification of auxin metabolites in cells and media were
performed as described (Dobrev and Kaminek, 2002, Dobrev et al., 2005). The metabolites were
separated on HPLC consisting of diode array detector (Perkin Elmer, Shelton, USA), column
Luna C18(2), 150 x 4.6 mm, 3 um (Phenomenex, Torrance, USA), mobile phase A: 40 mM
CH3;COONH,4, (pH 4.0) and mobile phase B: CH3;CN/CH3;OH, 1/1, (v/v). Flow rate was 0.6
ml.min"' with linear gradient 30-50% B for 10 min, 50-100% B for 1 min, 100% B for 2 min,
10-30% B for 1 min. The column eluate was monitored on 235C DAD followed by Ramona
2000 flow-through radioactivity detector (Raytest GmbH, Straubenhardt, Germany) after online
mixing with three volumes (1.8 ml.min™) of liquid scintillation cocktail (Flo-Scint III, Perkin
Elmer). The radioactive metabolites were identified on the basis of comparison of their retention
times with authentic standards. For the results presentation the total integrated area of
chromatogram plots has been normalized based on the equalization of total accumulated

radiolabel.

Identification of the unknown NAA metabolite

BY-2 cells were incubated with 1-100 uM NAA for 2 hours. The main NAA metabolite
M1 (RT 14.8 min) was purified after extraction, purification and HPLC as for the metabolite
profiling of radioactive NAA, (see above). M1 was then applied to LC-ESI-MS/MS, which
consisted of HPLC Ultimate 3000 (Dionex, Sunnyvale, USA) coupled to hybrid triple
quadrupole/ linear ion trap 3200 Q TRAP (AB Sciex, Foster City, USA). MS was set at negative
mode. Solution of M1, in I mM CH3COOH in 50% methanol was infused into MS and full scan
mass spectra, product ion and precursor ion scans were recorded. To study the stability of M1
under mild alkaline conditions, M1 was poured into 0.1 M NH4OH and incubated at room
temperature. Every 5 minutes, an aliquot was injected into the LC/MS separated on column Luna
C18(2)-HST, 50x3 mm, 2.5 pm (Phenomenex, Torrance, USA), isocratic 60% A: 2 mM
CH;COOH and 40% B: CH;CN at flow rate of 0.3 ml.min. MS was set at multiple reaction
monitoring mode with records of Q1>Q3 transitions of NAA (185>141), M1 (347>141), glucose
(179>89) and 2,4-D (219>161, internal standard).
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Mathematical modelling

The mathematical model of 2,4-D transport between cell and apoplast was defined and
mathematically formalized by a set differential equations for each experiment setup (various
inhibitor combinations, see Figs. 1 and 2). These sets were analytically solved for intracellular
concentration, giving a formula of a function describing the time course of auxin (2,4-D)
concentration inside the cell. Parameter optimization was then performed by altering parameter
values in order to minimize the value of objective function defined as summed squares of
residuals (differences between measured and simulated values of intracellular 2,4-D
concentration). Each set of parameters was used to simulate all experimental variants (all
inhibitor combinations and repetitions) at a time and all squared residuals were summed with
equal weights to get a single value of the objective function. Since the objective function had
many local minima the optimization problem was solved using a combination of gradient-based
and enumerative numerical methods. Over three millions of initial parameter sets were randomly
generated within probable parameter value range and from all these starting points a gradient-
based optimization algorithm was initiated. From the obtained results, the set of parameters
appropriate to the deepest minimum of the objective function was then declared to be the final
parameter estimate. The estimates of parameter value standard deviations were calculated from
different parameter values optimized independently for each essay repetition. Sensitivity
analysis was performed by plotting relative change of objective function value against relative
change of the value of each parameter, while the other parameters remained constant at their
optimal estimates. Resulting curves, therefore, represent sections through the objective function

near its minimum.

Results
IH-NAA metabolites occur immediately after *H-NAA uptake and remain inside BY-2 cells

To describe auxin transport on cellular level by mathematical model of relations between
auxin diffusion, its active uptake and efflux, we re-evaluated importance of NAA metabolism
using exogenously applied *H-NAA in a well-established model system of BY-2 tobacco cells.
Conversion of *H-NAA into corresponding metabolites was observed immediately after *H-NAA
addition to the cells, i.e. at zero time, and after 10 and 20 min of incubation. Accumulated *H-
NAA was rapidly - within a few seconds - metabolised to one major metabolite MI
(approximately 50% of the overall sample radioactivity) and five minor metabolites. Retention
time of the major metabolite was 7.7 min (see below). After another 10 and 20 min, the relative
content of free "H-NAA decreased while the content of M1 further increased up to 80% after 20
min. (Fig. 3A).
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Besides a trace of unknown polar metabolite in retention time 10.88 min, no metabolites were
found in the incubation medium. This observation indicates that products of NAA metabolism
including predominant metabolite M1 are unable to translocate across plasma membrane either
passively or actively and thus remain inside the cells (Fig. 3A).

To determine whether such enzymatic machinery is specific for cellular auxin
management or it is common cell mechanism designated to eliminate undesired amount of
diffusible organic elements, *H-BeA, a weak organic acid lacking auxin activity, has been used
at the same experimental setup. Similarly to *H-NAA, *H-BeA was metabolised immediately
after its uptake to one predominant metabolite acquired at retention time 2.52 min. Minor
amount of another metabolite occurred at retention time 4.75 min (Fig. 3C). In incubation
medium, only traces of *H-BeA metabolites with retention times 2.52 min and 4.75 min were
detected. Thus the metabolites of *H-BeA are trapped inside the cells as well as those of *H-
NAA (Fig. 30).

Similar trends in metabolic profiles were detected under the same experimental
conditions in Xanthi cell suspension for *H-NAA which showed slightly decreased metabolism
up to 10 min while *H-BeA was metabolised almost identically in both types of cells (Suppl. Fig.
1A, 1C).

We have obtained similar results also for IAA (data not shown), and so we assume that fast
metabolic conversion of active auxins (IAA, NAA, but not 2,4-D - see below) as well as non-
auxin compounds such as BeA to physiologically inactive conjugates is a typical mechanism by
which cells manage excessive amounts of weak organic acids to maintain intracellular ionic

equilibrium.

NAA is predominantly metabolised to its glucosyl ester

The major metabolite M1 appearing immediately upon incubation of BY-2 cell
suspension with *H-NAA has been identified as glucosyl ester of NAA based on the following
observations:

On reversed phase HPLC, M1 had shorter retention time (RT 14.8 min) than NAA itself
(RT 16.9 min), suggesting its more polar nature. When BY-2 cells were incubated with cold
NAA at 1-100 uM, a UV absorbing peak with identical UV spectrum as NAA (UVmax = 280
nm) appeared at RT of 14.8 min (M1). This implied that firstly, M1 kept the chromophore of
NAA - i.e. the naphthalene double ring - and secondly, that no chromophore was added to the
molecule of NAA during the metabolic modification.

M1 purified by HPLC and applied on LC-negative ESI-MS/MS, showed three major
peaks: m/z347, m/z393 and m/z407. Product ion spectra of all three peaks contained mostly the
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same fragments, including the NAA characteristic m/z185 (NAA>C,,H;00, = MW186) and
m/z141 (m/z185 - CO,). Precursor ion scans of fragments m/z185 and m/z141 confirmed that
they derive from m/z347, m/z393 and m/z407 (Fig. 4).

We speculate that all three peaks represent one compound of m/z347 and adducts with
acetic acid (MW60, m/z407 = 347 + 60) and with formic acid (MW46, m/z393 = 347 + 46).
Adducts presumably formed since M1 was in solution containing 1 mM acetic acid added for
better ionization, and formic acid is its common contaminant. This was further proved, because
both m/z407 and m/z393 contained fragment m/z347 and their major product ion fragments were
m/z59 (acetate) and m/z45 (formate), respectively. Product ion spectrum of m/z347 is shown in
Fig 4. There are several fragments with mass difference of 18 (corresponds to H,O): 347 - 329,
227 - 209,257 - 239, 89 - 71, 119-101, suggesting the presence of several hydroxyl groups.
Fragments with mass difference of 30 (corresponds to CH,0): 257 - 227, 239 - 209, 119 - 89 -
59, 101 — 71, are also characteristic. Very similar fragmentation pattern with several mass
differences of 18 and 30, and several identical fragments like: 59, 71, 89, 101, 113, 119 were
observed in the product ion spectra of monosaccharides, typically glucose (Fig. 4, MW180). The
fragmentation pattern and molecular mass of M1 (MW348), as implied by negative ion m/z347,
suggests that it is ester of NAA with hexose: NAA + C¢H ;2,06 — H,O = 186 + 180 — 18 = 348.

Ester bond was confirmed, when M1 was quickly degraded to NAA and hexose under
mild alkaline conditions (0.1M NH4OH at 25°C) (Fig. 5). The hexose was consecutively
identified as glucose by monosaccharide HPLC, where M1 derived hexose co-eluted with
glucose (data not shown).

We have also synthesized NAA glucosyl ester standard (analogically to the procedure
published by Kai et al., 2007, for synthesis of IAA glucosyl ester) and on reversed phase HPLC
this synthetic NAA glucosyl ester showed the same retention time (RT 14.8 min) like the native
endogenous metabolite M1 detected in BY-2 cells (data not shown).

Based on the analyses above, we conclude that the predominant NAA metabolite M1 is

identical with NAA glucosyl ester (NAA-Glc).

2,4-D is metabolised very slowly in tobacco BY-2 cells

Besides different substrate specificities of auxin carriers for synthetic auxins NAA and
2,4-D (Depta and Rubery 1984, Sabater and Sabater 1986, Hertel 1987, and later quantified by
Delbarre et al. 1996), 2,4-D and NAA differ significantly also in their metabolic rates. In
comparison with rapid metabolic conversion of 'H-NAA to one predominant metabolite NAA-
Glc, *H-2,4-D was only partially metabolised to three unknown metabolites in minor amounts

after 0, 10 and 20 min of incubation (Fig. 3B), and the relative levels of *H-2,4-D slightly
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decreased during 20 min incubation with parallel increase of one of the minor metabolites (RT
10.87 min).

In incubation medium relative levels of 2,4-D remained constant and only traces of three
metabolites were observed; this indicates that products of H-2,4-D metabolism remain in cells,
as the metabolites of other tested weak acids do (mentioned above and Fig. 3B).

As shown above, 2,4-D is more resistant to metabolic conversions in comparison to TAA
and NAA. Such minor contribution of metabolism to the changes of intracellular 2,4-D
concentration makes the 2,4-D a promising tool for probing cellular auxin transport
characteristics and thus offers an opportunity for application of quantitative data-based

mathematical modelling.

Characterization of the dynamics of 2,4-D transport at cellular level

Since the metabolism of 2,4-D in BY-2 cells during 10 min is negligible and thus it does
not affect intracellular 2,4-D levels, we have investigated the dynamics of 2,4-D transport in BY-
2 using accumulation assays within this time span. The cells rapidly accumulated *H-2,4-D from
media with gradually decreasing accumulation speed (Fig. 6A).

Because 2,4-D is a good substrate for auxin influx carriers it was not surprising that
CHPAA - a specific auxin influx inhibitor (Imhoff et al., 2000, Laiikkova et al., 2010) -
effectively decreased the accumulation of 2,4-D compared to non-treated control (Fig. 6A,B).

Surprisingly, the use of auxin efflux inhibitor NPA led to the increased accumulation of
H-2,4-D (Fig. 6C). Although 2,4-D is poorly transported in planta (Ito and Gray, 2006) and 2,4-
D was demonstrated to be a poor substrate for auxin efflux carriers ABCB1 and ABCBI19
(Titapiwatanakun et al., 2009), evidently a significant portion of *H-2.4-D is transported out of
cells actively, probably using other auxin efflux carriers which are sensitive to NPA (Petrasek et
al., 2006, Yang and Murphy, 2009, Kubes and Yang et al., submitted).

Interestingly, the combination of both CHPAA and NPA resulted in strikingly slower rate of *H-
2,4-D (2nM) accumulation in contrast to control *H-2,4-D accumulation course (Fig. 6D). It is
probable that both influx and efflux carriers were effectively blocked by CHPAA and NPA,
respectively, and resulting 2,4-D accumulation course reflects rate of the net diffusive uptake
resulting from diffusive influx and diffusive efflux.

To describe the auxin transport characteristics on a single-cell level and to check them for
consistency, we have designed a mathematical model of 2,4-D transport on cellular level, using

quantitative experimental data on 2,4-D accumulation for its construction and validation.

Mathematical model of cellular 2,4-D transport
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The model of cellular 2,4-D transport was constructed based on following assumptions:

1. BY-2 cell suspension consists of individual and identical cells of constant volume.
Number of the cells (suspension density) does not change during the accumulation assay.

2. Once inside the cell, 2,4-D is distributed homogeneously over the whole cell volume.
Although inner cell compartmentation can hardly be neglected from biological point of view, the
experimental data does not require any inner cell compartments to be incorporated in the model
and thus it does not even allow any cell compartment related parameters to be identified.

3. Based on the results presented above we assume that 2,4-D is not metabolised in the cells
within the 10 min period of accumulation assay.

4. Number and activity of carriers do not change during the accumulation.

5. Influx and efflux carrier Kinetics is linear. Based on the results of Delbarre et al. (1996),
auxin carriers do not exhibit saturating behaviour until micromolar concentrations of auxins are
reached. Since the extracellular concentration of °H-2,4-D used during the accumulation
experiments was only 2 nmol/l and its intracellular concentration did not exceed 100 nmol/l (see
Fig. 6), we can assume that just the linear part of carrier kinetics applies under conditions used,
i.e., the 2,4-D flux through particular type of carriers is linearly proportional to the concentration
of 2,4-D in its source compartment (extracellular concentration for influx and vice versa).
Application of this assumption also solves potential difficulties related to the presence of
endogenous 2,4-D as it will not interfere with the transport of *H-2,4-D as long sum of their
concentrations is within the limits of quasi-linear carrier kinetics.

6. Carrier inhibitors block the activity of carriers entirely and do not affect other cell
characteristics. In other words, we assume complete inhibition of active influx when CHPAA is
applied as well as complete inhibition of active efflux in case of NPA application.

For further details on the model construction see Fig. 1 and 2.

Biological validity of the above assumptions will be discussed below.

Various carrier inhibitor combinations were used to alter the experimental setup in order
to get the data for characterization of various participating transport mechanisms. When CHPAA
and NPA were applied simultaneously, only the passive diffusion of *H-2.4-D is supposed to
contribute to its net uptake. Resulting data, therefore, contained the information about the
parameters of 2,4-D diffusion and allowed their values to be identified. Individual application of
CHPAA or NPA enabled the values of efflux or influx parameters, respectively, to be optimized.
Although the optimization could be performed in such stepwise manner, simultaneous parameter
optimization algorithm was employed instead, in order to achieve greater precision (see
Materials and Methods).

Besides the proper parameters of the model, a constant vertical offset was added to the
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model solution as another parameter and it was optimized to let the model compensate the
experimental data for the auxin contaminating the cells’ surface and thus causing an apparent
shift of the accumulation curve. However, final value of this offset parameter provided by the
optimization process was relatively low compared to the levels of *H-2,4-D accumulation (see
Tab. 1 and Fig. 6), suggesting the cell surface contamination during accumulation assays to be

significantly less important than that observed earlier by Delbarre et al. (1996).

Table 1.

Directly identified model parameters

label meaning value unit variant .
value unit
o] Intracellular fraction of protonated 2,4-D 5,56E-05 - 5,56E-03 %
kp difusion parameter 2,45E+03 min"' 4,08E+01 s’
ke parameter of efflux 1,80E-01 min"'  3,00E-03 s’
k parameter of influx 1,46E+01 min"'  2,44E-01 s’
Calculated membrane parameters
variant
label meaning value unit value unit
Kpifs diffusion permeability of the membrane 1,41E-02 m.min"' 2,35E-04 m.s™
Kese efflux carrier activity of the membrane 1,04E-06 m.min" 1,73E-08 m.s™
Kinf influx carrier activity of the membrane 8,45E-05 m.min" 1,41E-06 m.s”

Discussion (not yet completed)

The molecular basis of cellular auxin transport and its regulation is still not fully
understood. Even if a number of carriers have been identified and proved to be directly involved
in auxin transport (Petrasek et al., 2006, Yang and Murphy, 2009) their regulation and possible
activities of other, so far unknown transporters under certain conditions remain unclear.
Nevertheless, it is possible to track a course of auxin accumulation into the cells and to specify
and quantify some auxin transport parameters.

Synthetic auxins NAA and 2,4-D represent useful tools for a single-cell based auxin
transport studies, because of the distinct specificity of auxin influx and efflux carriers towards
them (Delbarre et al., 1996, PetraSek et al., 2006). The short-term auxin transport characteristics
comprise auxin metabolism and activities of auxin transporters; the impact of genomic (gene

expression-based) regulation of auxin carriers can be omitted here.

165



Our study of metabolism of radiolabeled NAA, TAA, 2,4-D and non-auxin weak acid
BeA during 20 min incubation period revealed surprisingly fast metabolism of NAA and BeA
followed by IAA. Glucosyl ester conjugates represent the major form of their metabolites - as
shown here for NAA and by Kai et al. (2007) for IAA. Presence of glucose as a common
monosaccharide in cells together with common ester bond represents an easy mechanism how
the cell can deal with excessive amount of auxin. We have shown that glucose-ester conjugates
(as well as their other metabolites) stay trapped inside the cells and they decrease accessibility of
free NAA or IAA for auxin efflux carriers. This finding has an important consequence for
radiolabelled auxins-based accumulation assays: As auxin molecules are preferably labelled on
the ring structures, the label stays inside cells in the form of auxin conjugate(s) and thus the real
accumulation of free (labelled) auxins is lower than presumed. Therefore, the true capacity of
PIN and/or ABCB efflux transporters must be higher than expected previously, and neither NAA
nor IAA is reliable tool for precise measurements of auxin efflux.

On the other hand, metabolism of 3H-2,4-D is fairly weak and slow up to 20 min. So,
because of its relative high metabolic stability, 2,4-D was used here for probing transport
characteristics of auxin influx and efflux carriers.

Such experimental data were then used for construction of mathematical model of cellular auxin
transport.

Separately defined parameters for active 2,4-D uptake and efflux correlated well with the
measured characteristics suggesting that the particular parameters are sufficient for reliable
description of 2,4-D active influx, efflux and the role of neglected factors is unimportant.

Interestingly, in case of simultaneous contribution of diffusive as well as active uptake
and efflux, slight disproportion between measured data and model prediction is noticeable after 8
min of accumulation.

Biological effects of auxins are usually detected after their application to plant material in
nM concentrations. Observed physiological responses are then referred to direct effect of applied
chemicals. The model proves that metabolism, as well as specific transport characteristics of
auxins are indispensable in the assessment of their physiological effects.

We propose a single-cell level auxin transport model that could not only provide valuable
insights into the regulation of auxin transport and its cellular concentration levels, but also

validate mathematical basis of many models of auxin transport in tissues.
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Figure legends

Figure 1 Mathematical model of *H-2,4-D uptake by diffusion (A) and both diffusion and efflux
(B).

A. In presence of CHPAA and NPA, we assume active influx and efflux (respectively) of *H-
2,4-D to be completely blocked as indicated in the scheme by expressions stating that the density
of *H-2,4-D flux through plasma membrane (the amount of *H-2,4-D transported by influx
carriers — dnyr — or efflux carriers — dnggr — in the cell per unit of time — df — and unit of plasma
membrane area — dS) is null. The only non-zero flux of 3 H-2,4-D is, therefore, caused by
diffusion. In appropriate equation, dnpis represents the amount of transported 3H-2,4-D, kpigr 1S
diffusion permeability of plasma membrane, p. and p; represent the fraction (relative amount) of
protonated (not dissociated) *H-2,4-D in extracellular and intracellular space respectively. Since
both extracellular (Cg) and intracellular (Cy) concentrations of *H-2,4-D change during
accumulation, we expressed the extracellular concentration using initial extracellular
concentration (Cg(0)), the intracellular concentration, cell suspension density (number of cells in
unit of suspension volume —dens) and cell volume (volume of single cell - V) as indicated in the
bottom. This expression was then used to substitute for the *H-2,4-D extracellular concentration
in the equation of diffusion. To get the final differential equation of the model (1), the diffusion
permeability of plasma membrane (kpisr), which is a universal property of the membrane
independent of cell dimensions, was replaced by the diffusion parameter (kp), which is simply a
rate constant specific to particular cell geometry represented by its volume (V) and surface area
(Sc).

B. In presence of CHPAA, we assume active *H-2,4-D influx to be completely inhibited, while
active efflux and diffusion of *H-2,4-D being unaffected. Therefore, mathematical representation
of 3H-2,4-D flux by diffusion remains identical to the one derived in A. In case of active efflux,
we assume the flux of *H-2,4-D to be proportional to the source (intracellular) concentration of
dissociated *H-2,4-D (i.e., we assume a linear kinetics of efflux carriers). The appropriate
parameter — efflux carrier activity of the membrane (kgs) — is again transformed in the cell-
specific rate constant kg — the efflux parameter, according to the same principle used for
diffusion parameters described above in A. The efflux parameter (kg) is then used in the final

differential equation (2) of the model.

Figure 2 Mathematical model of *H-2.4-D uptake by diffusion and influx (A) and diffusion,
influx and efflux (B).
A. In presence of NPA, we assume active “H-2,4-Defflux to be completely inhibited, while

active influx and diffusion of *H-2,4-D being unaffected. Therefore, mathematical representation
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of *H-2,4-D flux by diffusion remains unchanged. In case of active influx, we assume the flux of
*H-2,4-D to be proportional to the source (extracellular) concentration of dissociated *H-2,4-D
(i.e., we assume a linear kinetics of influx carriers). The appropriate parameter — influx carrier
activity of the membrane (ki) — is again transformed in the cell-specific rate constant k; — the
influx parameter — to obtain the final differential equation (3) of the model.

B. With no inhibitor of *H-2,4-Dactive transport present in the medium, all of the three transport
mechanisms (i.e., diffusion, active influx and active efflux) take part in the uptake of 3H—2,4—D in
the cell. Therefore, the contributions of all these three processes are combined in the final

differential equation (4) of the model.

Figure 3 Metabolism of 3H—NAA, 3 H-2,4-D and ’H-BeA in BY-2 tobacco cells and media at
time of 0, 10 and 20 min of incubation.

A. NAA is rapidly metabolised to major metabolite (identified as NAA glucosyl ester with
retention time 7.7 min) and in 10 and 20 min this metabolite is predominant in cells. The levels
of NAA in 0, 10 and 20 min stayed constant. 2-NAA was also determined with constant level in
all time points of incubation and other four unknown metabolites (more polar than NAA itself).
In incubation medium were observed any changes of NAA levels and only one minor metabolite
peak, which indicate that products of NAA metabolism (including predominant NAA glucosyl
ester) remained in cells.

B. 2,4-D is partially metabolised to three unknown products and in 10 and 20 min this metabolite
(retention time 10.87 min) is minority in cells. The levels of 2,4-D during 20 min incubation
slightly decreased with contemporary increase of unknown metabolite (retention time 10.87
min). In incubation medium the levels of 2,4-D stayed constant and three minority metabolites
were observed, which indicate that products of 2,4-D metabolism also remained in cells.

C. BeA was quickly metabolised to one predominant (retention time 2.52 min) and one unknown
minor product (retention time 4.75 min). In incubation medium was observed slight decrease of
BeA itself. Both metabolite products were detected here only as insignificant products, which
indicate that these products remained in cells.

Percentage of individual peaks activities were determined and normalized according to

respective total samples activities (100 %).

Figure 4 Identification of the main NAA metabolite (NAA glucosyl ester), precursor ion scans
of fragments m/z 141, 179, 185, 347, 393 and 407.
Product ion scan revealed three major peaks: m/z347, m/z393, m/z407 and their fragments were

NAA characteristic. Precursor ion scans of fragments m/z185 and m/z141confirmed that they
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derive from m/z347, m/z393 and m/z407. The fragmentation pattern and molecular mass of
NAA major metabolite MW348 suggests that it is ester of NAA (MW 186) with hexose
(MW180).

Figure 5 Confirmation of ester bond in NAA major metabolite (identified as NAA glucosyl
ester) by its incubation with 0.1 M NH4OH at 25°C.

NAA major metabolite (identified as NAA glucosyl ester) was quickly degraded to NAA and
glucose. After 5 min nearly 60 % of NAA major metabolite has been degraded to NAA and
glucose, in later time (30 min and more) of incubation with 0.1 M NH4OH less than 10 % of
NAA major metabolite has been detected.

Figure 6 Accumulation of *H-2,4-D (2 nM) vs. auxin transport inhibitors CHPAA, NPA and
their combination (10 uM in EtOH) in BY-2 tobacco cells.

A. Control line with EtOH.

B. CHPAA (10 uM in EtOH) decreased 2,4-D accumulation by effective influx blockage.

C. NPA (10 uM in EtOH) increased 2,4-D accumulation by effective efflux blockage.

D. Combination of both inhibitors (CHPAA and NPA) revealed the real diffusion of 2,4-D into
the cells.

Figure 7 Sensitivity of model-data fit quality to parameter change.
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Figure 6 Accumulation of *H-2,4-D (2 nM) vs. auxin transport inhibitors CHPAA, NPA and

their combination (10 uM in EtOH) in BY-2 tobacco cells.
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Supplementary figure 1 Metabolism of *H-NAA, *H-2,4-D, *H-BeA in Xanthi tobacco cells
and media in time 0 and 10 min of incubation.

A. NAA is metabolized to unknown product (retention time 15.1 min; not identical with NAA
glucosyl ester) and at 10 min this metabolite is remarkable in cells. The levels of NAA during 10
min incubation decreased (by about 20 %). Other five unknown and minor metabolites were
observed. In incubation medium no changes of NAA and other six minor metabolites were
observed, which indicates that products of NAA metabolism remained in cells.

B. 2,4-D is metabolized only very weakly at time 0 and 10 min, and 2,4-D levels in cells and
medium stayed constant during incubation.

C. BeA was rapidly metabolized to one predominant (retention time 6.55 min) and other three
minor unknown products at 0 and 10 min. BeA level in cells after 10 min incubation decreased
significantly. In incubation medium gradual decrease of BeA level was observed. All metabolites
detected in cells were also detected in incubation medium, and comparedto BeA peak they were
minor. In case of BeA the retention of its metabolites was greater compared to NAA and 2,4-D.

Percentage of individual peaks activities were determined and normalized according to
respective total samples activities (100 %).
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7. Discussion

ABCB proteins as a plant orthologues of the mammalian multidrug-resistance proteins
MDRs have been proved to participate in auxin transport (Martinoia et al., 2002; Verrier et al.,
2008). Phenotypic defects caused by loss of ABCB function are most pronounced in vegetative
organs and include dwarfism, curly wrinkled leaves, twisted stems and reduced apical
dominance, supporting their role in auxin-based development (Bandyopadhyay et al., 2007).
Auxin transport defects and dwarf phenotypes are more exaggerated in Arabidopsis thaliana
abcbl/abeb19 double mutants (Noh et al., 2001; Geisler et al., 2003). A direct role for ABCB1
and ABCBI19 in cellular efflux was demonstrated when increased auxin retention was observed
in mesophyll protoplasts from Arabidopsis thaliana and in heterologous systems of yeast,
mammalian HeLa or tobacco BY-2 cells (Geisler et al., 2005; Petrasek et al., 2006). Similarly, as
it was observed in case of PIN proteins, enhanced auxin efflux in HeLA or yeast cells with
heterologously expressed ABCBI and ABCB19 was inhibited by NPA (Geisler et al., 2005;
Bouchard et al., 2006). However, contrary to PIN expression, the efflux mediated by the ABCBs
in mammalian HeLa cells was insensitive to inhibitors of mammalian organic anion transporters
(Geisler et al., 2005; Petrasek et al., 2006).

As shown in Chapter 1 of this thesis (Petrasek et al., 2006), we used inducible ABCB19-
transformed BY-2 cell line to compare the roles of PINs and ABCBs in auxin efflux. The
induction of ABCB19 led to a decrease in "H-NAA accumulation, similar to that observed in the
PIN4, PIN6 and PIN7 lines. However, compared to PIN-mediated auxin efflux, the ABCB19-
mediated NAA efflux was notably less sensitive to NPA. Whereas PIN-mediated transport was
completely inhibited by NPA, about 20% of ABCB19-dependent transport was NPA insensitive.
It is well known that NPA affinity chromatography was initially used to isolate the ABCBI, 4
and 19 proteins (Murphy et al., 2002; Geisler et al., 2003; Terasaka et al., 2005). Therefore, it is
possible that NPA and other auxin efflux inhibitors are able to bind multiple binding and
regulatory sites on various proteins with different affinities. Some evidence suggests that there
are at least two distinct NPA-binding sites in Arabidopsis thaliana membranes. A high affinity
site is associated with the inhibition of auxin transport at the PM and with an integral membrane
protein. A low affinity site is thought to be a membrane-anchored or peripheral amidase (Murphy
et al., 2002). Other non-specific sites of NPA action have been associated with membrane
trafficking (Geldner et al., 2001). Moreover, auxin efflux inhibitors might have multiple effects,
including modification of actin-based subcellular dynamics (Dhonukshe et al., 2008) or of the
ABCB-PIN interaction (Blakeslee et al., 2007). Importantly, NPA has been shown to regulate
ABCB-mediated auxin transport by influencing the interaction of ABCB with TWDI1
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immunophilin (Bailly et al., 2008; Wu et al., 2010) providing the mechanistic explanation for the
various sensitivity of plant tissues to NPA.

To address whether PIN action in planta requires ABCB1 and ABCB19 proteins, the
effect of PINI overexpression on plant development was analyzed in Arabidopsis abcb1/abcb19
double mutants (Petrasek et al., 2006). The PINI overexpression led to pronounced defects in
root gravitropism. Quantitative evaluation of reorientation of root growth revealed that PINI
overexpression in abchbl/abcbl9 had the same effects. These data showed that PIN1 action on
plant development does not strictly require function of ABCB1 and ABCB19 proteins. This is
also supported by evidence that PIN2 mediates auxin efflux in yeast, which is known to lack
homologs to Arabidopsis thaliana ABCB proteins (Geisler and Murphy, 2006; Yang and
Murphy, 2009). However, it was still unclear whether these two auxin transport machineries act
in planta entirely independently or in a coordinated fashion.

This is partially addressed in the Chapter 2 of this thesis (Mravec et al., 2008), where the
effect of increased auxin efflux in BY-2 cells was examined on the level of cell growth and
morphology of non-induced and induced PIN7 and ABCB19 cell lines (already used in PetraSek
et al., 2006). After induction of PIN7 or ABCB19 expression, analogous phenotypical changes
occurred: cells ceased to divide, started to elongate, and formed and accumulated starch
granules. Similar morphological changes were observed in induced PIN4 and PING6 lines or
constitutive PIN1 line which also showed increased auxin efflux. These results imply that the
enhanced auxin efflux leads to depletion of auxin from cells, resulting in a change in the
developmental program reflected by the switch from cell division to cell elongation. The auxin
starvation phenotype in induced PIN7 cell line was rescued by the application of auxin efflux
inhibitor NPA. However, similarly as shown in Petrasek et al. (2006) in less NPA-sensitive
ABCBI19 cell line, NPA was ineffective thus pointing to possible NPA-mediated regulation of
ABCB19 with TWDI1 (Balilly et al., 2008; Wu et al., 2010).

Further, results presented in Mravec et al. (2008) allowed propose the model for
Arabidopsis roots, where ABCBs control auxin transport in auxin channel-forming cells and thus
controlling the amount of auxin for directional PIN-dependent auxin transport. In the model, the
proportions of ABCBs that do not colocalize with PINs act multilaterally in auxin efflux and thus
regulate the effective cellular auxin concentration available for PIN-mediated transport. This
combined action of PIN and ABCB determines how much auxin flows through auxin channels.
Observation of a higher cellular auxin concentration in abch mutants (Bouchard et al., 2006) that
might enhance PIN-mediated transport directly supports this scenario. It is likely that for long-
distance transport, e.g. in stems, another mode of ABCB and PIN interaction functions as

suggested by strong auxin transport defects in abch mutant stems (Noh et al., 2001; Geisler et al.,
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2005). It is important to note that different internal or external cues, such as light, can influence
the extent and mode of PIN-ABCB interactions, for instance at the level of functional pairing of
PINs and ABCBs (Blakeslee et al., 2007; Titapiwatanakun et al., 2009). Also, the activity of
previously uncharacterized ABCBs may significantly contribute to auxin transport. In summary,
our model could provide an explanation of the existence of two auxin transport mechanisms
(PIN-based and ABCB-based) that ensure precise and proper formation of spatial and temporal
auxin distribution in plants.

Like the PIN proteins, ABCBs exhibit both the polar and apolar distribution on the PM.
Both ABCB1 and ABCB4 exhibit polar localisations in elongating and mature epidermal and/or
cortical root cells and apolar localisations in the lateral root cap (Geisler et al., 2005; Terasaka et
al., 2005; Cho et al., 2007). ABCB19 exhibits a predominantly polar localisation on the plasma
membrane in immature vascular cells and apolar distribution in mature vascular, cortical and
epidermal cells at the root apex (Blakeslee et al., 2007; Wu et al., 2007). Blakeslee et al. (2007)
showed by comparisons with the cytokinesis marker KNOLLE that the polar localisation of
ABCB19 seen in immature vascular tissues coincides with cell wall maturation, but not with
early cell plate formation. In Chapters 1, 3. 4 and 5 (PetraSek et al., 2006; Jelinkovd and
Malinska et al., 2010; Lankova et al., 2010) of this thesis the localization of ABCB19 and
ABCBA4 is characterized in BY-2 cells. For ABCB19 (Petrasek et al., 2006) the localization was

shown to be not predominantly at transversal plasma membranes within the cell chain as it was
shown for PIN proteins. This is in agreement with mostly non-polarly localized ABCB19 in
various tissues of Arabidopsis thaliana (Petrasek and Friml, 2009). Moreover, in Chapter 3
(Jelinkova and Malinska et al., 2010), ABCB4-transformed cell line was shown to be transiently
re-localized from the plasma membrane with routinely used concentrations of FM 4-64 and FM
5-95. The active process of re-localization is blocked neither by inhibitors of endocytosis (BFA -
which in plants act as an inhibitor of anterograde vesicle trafficking) nor by cytoskeletal drugs
(wortmannin - which have all been successfully shown to block endocytosis in plants (Emans et
al., 2002; Dettmer et al., 2006)). The formation of FM-induced ABCB4 patches was blocked
only after sodium azide treatment, which suggests that the process of FM-induced PM protein re-
localization is energy-dependent, possibly via an ATP-driven step.

Interestingly, in Lankova et al. (2010) we showed that after the application of putative
auxin transport inhibitors 1-NOA, 2-NOA and CHPAA, ABCB4 is more stable on PM than
AUX1 or PIN1 proteins. While in AUXI- and PINI-transformed BY-2 cell lines fast
redistribution of proteins from PM inside the cells was induced, ABCB4 in form of a few
membrane aggregates appeared only after long inhibitors treatment. Both NOAs (1-NOA being

more effective) can induce the formation of endosomes containing auxin carriers. At least partly
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this may be the reason for the decrease in auxin influx or efflux after the 1-NOA or 2-NOA
treatments. The fact that NOA was not able to induce fast redistribution of ABCB4 (as observed
for AUX1 and PINI) and that this ABCB4 appeared in membrane aggregates after longer
treatment suggests a membrane composition-dependent NOA effect. The most important in this
respect seems to be sterol composition, namely the presence of sterols and sterol-associated
proteins (Borner et al., 2005); since ABCB4 was reported to be present in these compartments
(Titapiwatanakun and Murphy, 2009), thus the ABCB4 could be more resistant to 1-NOA
treatment.

Further in Chapter 5 (Kube$ and Yang et al., submitted), we provided evidence that
ABCB4 functions as a homeostatic switch on the PM for regulation of cellular auxin levels. We
confirmed that ABCB4 function in shootward auxin movement from the root apex increases with
auxin concentration, but it is evident in regulating root hair elongation at lower concentrations. It
seems that ABCB4 plays a more important role in controlling auxin movement out of the
elongation zone as previously proposed (Peer and Murphy, 2007). Expression of Arabidopsis
thaliana ABCB4::ABCB4-GFP in BY-2 resulted in abundance and localisation similar to that
reported for 35S-driven expression of ABCB4 in BY-2 (Cho et al., 2007) as well as a partial
inhibition of cell division compared to untransformed cells. This inhibition was similar to
PINI1pro:PIN1-GFP expression, but it was less severe than in auxin-starved BY-2 cells or in cells
expressing Arabidopsis thaliana PIN4, PIN6, PIN7 and ABCB19 (Petrasek et al., 2006; Mravec
et al., 2008). Further, cell elongation observed with expression of Arabidopsis thaliana ABCB19
or PINI (Mravec et al., 2008) was not observed in 3-day ABCB4-GFP cells, perhaps due to
decreased transversal PM localisation of ABCB4-GFP (Cho et al., 2007) compared to PIN1-
GFP. This decrease in transversal localisation may be a consequence of faster lateral diffusion or
trafficking of ABCB4 compared to PIN1-GFP as indicated by FRAP analysis. As reported
previously (Petrasek et al., 2002, 2006), PIN1 expression in BY-2 resulted in increased SH-NAA
efflux, and NPA treatment increased NAA retention. Similarly, BY-2 cells expressing
ABCB4pro:ABCB4-GFP exhibited increased retention of NAA after NPA treatment, which is in
agreement with results in BY-2 cells overexpressing ABCB4 under the control of a 35S promoter
(Cho et al., 2007). 2,4-D is often used as a substitute for IAA in growth assays, as it is highly
stable (Delbarre et al., 1996) and is poorly distributed through the plant by auxin polar transport
mechanisms (Pitts et al., 1998). This synthetic auxin taken up via AUXI1/LAX permeases
(Bennett et al., 1996; Yang et al., 2006; Yang and Murphy, 2009) was shown to be an uptake
substrate for ABCB4 expressed in Schizosaccharomyces pombe, and to non-competitively inhibit
ABCB4 *H-TAA efflux activity (Yang and Murphy, 2009). 2,4-D is a weak efflux substrate for

all ABCB and PIN proteins expressed in non-plant heterologous systems, but it is a preferred
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efflux substrate for the ABCG37/PDR9 pleiotropic substrate transporter (Titapiwatanakun et al.,
2009; Ruazicka et al., 2010). Our analysis of 2,4-D effects on root hair elongation confirmed that
this compound is an ABCB4 uptake substrate in planta. Low concentrations of 2,4-D
compensated for differences in abcb4 root hair elongation in a manner similar to what is seen
with TAA, and higher 2,4-D concentrations inhibited root hair elongation equally in both abcb4
and wild-type. However, unlike IAA, an intermediate concentration of 2,4-D (50 nM) inhibited
wild-type root hair elongation to a greater extent than in abch4, suggesting a direct role of
ABCB4 in 2,4-D uptake. This result cannot be attributed to enhanced AUX1-driven uptake in
abcb4 root hairs, as AUX] is not expressed in trichoblasts (Jones et al., 2009). 2,4-D is also the
preferred substrate for native 2-NOA-sensitive auxin influx assays in BY-2, and ABCB4 is
resistant to 2-NOA inhibition (Lankova et al., 2010). As expected, 2-NOA decreased the net
uptake of *H-2,4-D in control and PINI-expressing cells, but had a lesser effect on the
accumulation of 2,4-D in ABCB4-overexpressing cells. However, 2,4-D uptake was enhanced in
cells expressing ABCB4 after background auxin uptake was blocked with 2-NOA, suggesting a
non-competitive interaction of 2,4-D with the ABCB4-based auxin efflux activity. This notion
was further supported by the fact that pre-treatment of cells expressing ABCB4 with cold 2,4-D,
but not cold TAA, resulted in an enhanced net uptake of *H-2,4-D. An enhancement of auxin
influx in BY-2 expressing ABCB4 was also observed following addition of NPA to 2-NOA-
pretreated cells. This treatment resulted in an increase in 2,4-D accumulation, consistent with
continued 2,4-D import by ABCB4 in combination with inhibition of the weak PIN and ABCB
(including ABCB4) efflux activity. One explanation for the lack of *H-NAA efflux seen in BY-2
cells expressing ABCB4 might be that the cells are routinely maintained on medium containing
the synthetic auxin 2,4-D (Nagata et al., 1992). Although routinely washed out with uptake
buffer before auxin transport assays are conducted (Cho et al., 2007), 2,4-D from the BY-2 cell
culturing medium bound to ABCB4 may be difficult to completely eliminate, especially as 2,4-D
is poorly metabolized in tobacco cells compared to IAA and NAA (Delbarre et al. 1994, 1996).
In short term yeast assays, ABCB4 showed influx activity at lower IAA concentrations and
ABCB4 transport activity switched to efflux at concentrations >250 nM or after longer exposure
to IAA. Conversion to efflux rather than conventional saturation suggests that IAA uptake
mediated by ABCB4 is an indirect effect of transporter activity and suggests that ABCB4 could
mobilise other substrates. Our results presented here indicate that ABCB4 regulates cellular
auxin levels in the Arabidopsis thaliana root epidermis by enhancing auxin uptake when cellular
levels are low and catalyzing auxin efflux when internal levels rise. Alternatively, the
combination of more hydrophobic anchoring and additional IAA binding sites in ABCB4 may

provide a mechanism for substrate uptake that would not occur in ABCB1 or 19 during the
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conformational change associated with the first of two ATP hydrolysis steps required for ABC
transport function (Knéller and Murphy, 2010). Substrate activation and conformational change
has been shown for other ABC transporters (Loo et al., 2003; Terasaka et al., 2005; Sauna et al.,
2008), and apparent drug-induced reversal of mammalian ABCB1 and ABCG22 activity has
recently been reported (Shi et al., 2011). Finally, we confirmed that ABCB4 enhances 2,4-D
uptake, but not efflux, and thus ABCB4 appears to be a direct herbicidal target of 2,4-D. Binding
of 2,4-D to ABCB4 results in increased accumulation of both 2,4-D and other auxins in root
epidermal cells and so it is likely to amplify the herbicidal effects of the compound. As such,
tissue-specific manipulation of ABCB4 expression may be a useful tool for decreasing damage to
crop plants caused by 2,4-D drift.

The mathematical modelling of auxin transport at the cellular level revealed and
confirmed the parameters for better and more precise characterization of auxin transport
mechanisms in tobacco BY-2 cells. In Chapter 6 (Hosek and Kubes et al., in preparation), we
indicated that NAA is strongly and rapidly metabolized during accumulation experiments in BY -
2 cells. We identified the predominant metabolite as NAA glucosyl ester (NAA-Glc). Further,
we showed that NAA-Glc is retained in the cells, thus raising apparent intracellular
concentration of NAA previously measured during accumulations of radiolabeled auxins. This
might have led to serious underestimation of auxin efflux carriers transport capacity for NAA as
well as IAA in the past. In contrast, metabolism of 2,4-D remains fairly weak in the time span of
accumulation assays, making 2,4-D an ideal tool for probing auxin transport on cellular level, at
least on the level of auxin uptake. Hence, using 2,4-D accumulation data measured under various
conditions (in presence of auxin transport inhibitors NPA or CHPAA) and employing
mathematical model of auxin transport we characterize and validate parameters of 2,4-D
transport on cellular level.

Obtained experimental data provides a basis for mathematical description of
characteristics of transport of particular auxins, including their metabolism. Making use of
relevant mutants and overexpressors, this data can also serve as a basis for further
modelling related to contributions of particular auxin transport proteins and for

construction of detailed mathematical model of auxin transport on the cellular level.
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8. Conclusion

In the papers and manuscripts forming this thesis it was shown that:

e The overexpression of ABCB19 results in a decrease of "H-NAA accumulation in BY-2
cells, similar to that observed in the PIN7-overexpressing line, and produces the auxin
starvation phenotype.

e Compared to PIN7-mediated auxin efflux, the ABCB19-mediated NAA efflux is less
sensitive to auxin efflux inhibitor NPA, and the ABCB19-dependent auxin starvation
phenotype cannot be rescued by NPA.

e Auxin transporters ABCB1, ABCB4 and ABCB19 display non-polar localization on PM
in BY-2 cells.

e ABCBA4 protein is more stable and resistant to auxin transport inhibitors 1-NOA, 2-NOA
and CHPAA in the plasma membrane of BY-2 cells.

e Routinely used concentrations of FM styryl dyes FM 4-64 trigger transient re-localization
of ABCB4.

e ABCB4 functions as a homeostatic switch on the PM for regulation of cellular auxin
levels. There is a non-competitive interaction of 2,4-D with the ABCB4-based auxin
efflux activity. ABCB4 enhances 2,4-D uptake, but not efflux, and ABCB4 appears to be
a direct herbicidal target of 2,4-D.

e NAA is strongly and rapidly metabolized during accumulation assays in BY-2 cells and
the predominant metabolite is NAA glucosyl ester, which is retained in the cells. In
contrast, metabolism of 2,4-D remains fairly weak in the time span of accumulation
assays, making 2,4-D good tool for probing auxin transport on cellular level. Using 2,4-D
accumulation data measured under various conditions and exploring the modified
mathematical model of auxin transport, the parameters of 2,4-D transport on cellular

level were characterized and validated.

Altogether, results presented in this thesis further clarified the role of ABC-
transporters in translocation of auxin across plasma membrane and pointed at their
involvement in establishment and maintenance of cellular auxin homeostasis in a way

different from that of PINS5.
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